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ABSTRACT
A combination of high resolution solid state nuclear magnetic resonanace 
spectroscopy, and solvent extractions with solvents of varying polarities was used to 
identify the mechanisms of interaction between hazardous organic and/or inorganic 
wastes and a Portland Cement based system. Ethylene glycol (EG), p-bromophenol 
(pBP), p-chlorophenol (pCP), p-(aminomethyl)phenol (pAMP) were used as model 
organic wastes, and cadmium and lead hydroxide sludges were used as model inorganic 
wastes. Type I Portland Cement, with and without soluble silicate additive, was 
solidified with water and various waste mixtures. The soldified samples were examined 
by solvent extractions and by NMR at various time intervals.
Chemical extractions of EG with solvents of varying polarities (water, DMSO, 
DCM), reveal that EG is not "stabilized" to a significant degree, and its effect on the 
cement matrix is large enough to substantially affect the solidification process, even 
at low concentrations (2%). A major break in the extraction behavior of EG was 
observed between 10%  and 20 % loadings in the DMSO extractions. Phenols (pBP and 
pCP) were not effectively immobilized toward water leaching at any concentration or 
any time of cure studied. However, a decrease in percent recovery with increasing 
phenol loadings was observed in water extractions.
29Si NMR of Type I Portland cement clinker revealed the presence of 
orthosilicate units characteristic of tricalcium and dicaicium silicate phases. Both 
tetrahedral and octahedral coordinations of A1 were distinguished in the cement 
clinker (2 7 A1 NMR measurements). Partial hydration of aluminate phases has occurred 
in the cement clinker. The dimeric silicate unit is the major component of the 
mature cement matrix after 28 days and longer. Soluble silicates accelerated the 
hydration of both silicate and aluminate phases.
xv
EG, pCP and pBP accelerated the onset of both silicate and aluminate hydrations 
compared to cement alone but retarded the later stages of hydration. In contrast to 
the cement control, the organics incorporated into the silicate and aluminate phases 
appear to solubilize the silicate and aluminate hydrates in water. Cadmium hydroxide 
sludge had no major effect on the hydration reactions. Lead hydroxide sludge had a 
severe retarding effect on the hydration reactions upto 7 days.
LIST OF ABBREVIATIONS
Q3 Branched silicate unit
CH Calcium hydroxide (hydrated cement phase)
CSH Calcium silicate hydrate gel (hydrated cement phase)
Q4 Cross-linked silicate unit
q s Dicalcium silicate (cement clinker phase)
DCM Dichloromethane
DMSO Dimethylsulfoxide
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EDXA Energy dispersive x-ray analysis
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gc Gas chromatography
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xvii
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CHAPTER 1 
INTRODUCTION
The presence of large deposits of industrial and hazardous wastes has received 
increased publicity recently generating public and governmental concern. This is not 
surprising considering that in 1984 an estimated 264 million metric tons of hazardous 
wastes were produced in United States (U.S. Office of Technology Assessment, 1983). 
The wastes are classified as hazardous by the Environmental Protection Agency (EPA) 
because they are non-degradable, toxic, may cause detrimental cumulative effects and 
pose a substantial threat to human health or living organisms. There is an increasing 
awareness and serious concern among environmental chemists and engineers to develop 
methods to ensure proper handling, treatment and disposal of hazardous wastes. The 
volume of the wastes can be decreased by recycling, incineration, dewatering etc. 
However, in almost all cases, some residue still remains, and landfilling (disposing in 
shallow land burial sites) is one of the most cost-effective methods available for 
ultimate disposal. The guidelines and strict regulations set forth in the Resource 
Conservation and Recovery Act of 1976 (RCRA) ban land disposal of liquid or sludge 
wastes. As a result, some form of "stabilization and/or solidification" pretreatment is 
often necessary prior to landfilling.
"Solidification" is a process whereby the liquid or hazardous sludge is mixed with 
a suitable second component or binding agent to produce a stable, solidified end 
product. The structural integrity, particularly over long periods of time is unknown. 
If the solidified end product can contain the hazardous constituents present in it and 
is inert to the leaching characteristics of the landfill environment, then the process is 
called "stabilization".
Cementing materials, such as Portland cement or fly ash, are the principal
1
constituents of most commercially available stabilization processes (U.S. Environmental 
Protection Agency, 1980). Soluble silicates are often added to improve physical and 
chemical properties of the final product (Chemfix Brochure, and Goldstein, 1982). 
The chemistry of cement and related materials is a complex science on its own, the 
addition of toxic components to these matrices makes the system even more difficult 
to study. The cement based solidification technology has been used extensively for 
aqueous streams containing toxic metals, but is often cited as incompatable for mixed 
streams containing organics. Very little attention has been paid to the types of 
organics which interfere or the concentrations at which their interference is 
detrimental to the stabilization/solidification (Tittlebaum et al., 1985). A thorough 
understanding of the fundamental cementing reactions and the mechanisms associated 
with the stabilization/solidification processes are needed in order to develop 
techniques for long term stablization of hazardous organic wastes.
The present work is part of an ongoing project aimed at developing predictive 
methods that will allow the rational selection of binder and matrix materials to ensure 
the short and long term satisfactory performance of the stabilized wastes. The 
objective of this study was to develop scientific methods to identify the various 
mechanisms operative in the fixation of hazardous organic and inorganic wastes or 
their combination by cement-based fixation process.
Ethylene glycol (EG), p-bromophenol (pBP) and g-chlorophenol (pCP) were used 
as model organic wastes because polar organic compounds constitute a real example of 
materials presenting disposal problems. Hydroxides of cadmium and lead were used as 
inorganic wastes. In some cases, soluble silicate was added to both organic and 
inorganic wastes.
The next chapter is a review of various solidification/solidification techniques, 
with emphasis on cement based fixation processes. Chapter three is a literature
review of the chemistry of Portland Cement, and the proposed cement hydration 
mechanisms. The general mechanisms of bonding or interferences to bonding in the 
presence of organic and inorganic wastes are presented in chapter four. The methods 
used in this study are chemical extractions with solvents of varying polarities and 
solid state magic angle spinning nuclear magnetic resonance (MAS NMR). A review of 
the methods and the type of information the methods are capable of, is discussed in 
chapter five. Chapter six details the experimental procedures used in the study. The 
results and discussion of the chemical extractions are presented in chapter seven. No 
single method described can give the entire picture of cement hydration. Therefore, 
the results of a parallel study on the microstructure of cement are presented in 
chapter eight, to get a complementary picture of the hydration reactions. The results 
and discussion of solid state MAS NMR, the conclusions of the study and further 
recommendations are presented in subsequent chapters.
CHAPTER 2
PRESENT SOLIDIFICATION/STABILIZATION TECHNIQUES
The terms solidification or stabilization are usually used interchangeably although 
they represent different ideas. The primary goals of stabilization processes are to (a) 
limit the release of hazardous constituents so that the waste can be handled, stored 
or dumped in a safe way, (b) limit the solubility and minimize leachability or mobility 
of the contaminents to the environment and (c) decrease the surface area of the 
exposed waste by solidifying the liquid waste into a monolithic block. Stabilization 
processes have been grouped into seven categories by EPA (Environmental laboratory, 
1979).
* Cement-based
* Lime-based or pozzolanic
* Self-cementing
* Thermoplastic-based
* Organic polymer-based
* Encapsulation
* Classification
The applications and limitations of these processes will be briefly described.
Cement-based Processes
The cementing processes involve mixing Portland cement and hazardous wastes 
along with proprietary additives and possibly fly ash to produce a solidified mass for 
disposal. Portland cement is a fused mixture, with variable proportions of calcium, 
silicon, aluminum and iron oxides. Tricalcium and dicalcium silicates are the principal 
phases present in the cement. Cement is mixed with water and/or wet wastes,
initially forming a calcium- silicate-hydrate gel, then forming silicate fibrils which 
grow from the individual cement particles. This fibrillar matrix incorporates the 
added wastes and/or aggregates into a monolithic, rock-like mass (Double, et al., 
1977).
Cementitious processes have been used extensively for treatment of inorganic 
wastes, low-level radioactive wastes, incinerator-generated wastes and is especially 
effective for heavy metal sludges (Peirce, et al., 1981). This is due to the high 
alkalinity (pH = 12) of the cement mixture, which keeps the metal ions in the form of 
insoluble hydroxides or carbonates. However, the presence of certain inorganic 
compounds such as salts of lead, copper and zinc, small amounts of organics and 
impurities such as coal in the waste can be detrimental to the setting and curing of 
the waste-cement mix (Bouge, 1955). Several proprietary additives containing clay or 
vermiculite as absorbents have been used to counterbalance the effects of these 
materials (Thompson, et al., 1979). Sodium silicate has been used as an additive to 
improve physical and chemical properties of the waste (Smith, 1978).
The presence of organic wastes, and more specifically wastes containing oils, 
solvents and greases not miscible with an aqueous phase, have been reported to cause 
problems in cement-based techniques (Environmental laboratory, EPA, 1979). As a 
result, little information is available in the literature concerning the stablization of 
organic wastes. Pretreatment prior to solidification has often been found necessary in 
the presence of organics. Lubowitz, H.R. and Telles.R.W., (Waste management by 
fixation processes, unpublished) indicated the absorption of polychlorinated biphenyls 
(PCB) with oleic acid-treated diatomite or bentonite powder, prior to solidification. 
Phenols above 100 ppm have been destroyed with KMn04  by Chemfix, Inc. 
(Tittlebaum, et al., 1985). The only other indication of organic containment was 
reported in an acid leaching study by Chemfix, Inc., where 1 ppm of phenol in raw
sludge was reduced to less than 0.1 ppm in the stablized material, in extraction with 
distilled water or H2S 04 (pH = 1.0) (Tittlebaum, et al., 1985).
Organics are generally unreactive with the components of the cement matrix but 
interfere with physical and chemical processes involved in solidification. In spite of 
the negative aspects associated with the treatment of hazardous organic wastes by 
cement-based processes, the low cost, straightforward technology and potential for 
long-term satisfactory performance make this a desirable treatment.
Lime-based or Pozzolanic Processes
The lime-based processes involve mixing lime with fine-grained siliceous material 
(pozzolanic) and water to produce a concrete. The most common pozzolanic-type 
materials used in waste treatement processes are fly ash and cement-kiln dust 
(Thompson, 1979). Both are waste products and the process has the obvious 
advantage of codisposal. As in the hydration of cement, the pozzolanic reactions are 
due to the formation of hydrates of calcium silicate and calcium aluminate. The net 
effect is that the waste particles are trapped within a largely gel matrix (Poon, et al., 
1983). The applications of this process have been in the treatment of inorganic 
wastes and organics such as biological sludge and paint sludge.
Self Cementing Processes
The self cementing process involves treating water containing large amounts of 
calcium sulfate or calcium sulfite with proprietary additives, so that they become self 
cementing. The sulfate/sulfite sludge is dewatered and then calcined under controlled 
conditions to produce a partially dehydrated cementitious calcium sulfate or sulfite. 
The calcined waste along with proprietary additives are then mixed into waste sludge 
to produce a hard, plaster-like material (Peirce, et al., 1981).
7Thermoplastic based Processes
The thermoplastic based process involves drying, heating and mixing the waste 
with a heated plastic matrix at temperatures ranging from 130°C to 230°C. 
Thermoplastic organic materials such as bitumen, paraffin and polyethylene are used 
for these processes. The process was originally developed for the disposal of 
radioactive wastes but may be applicable to some hazardous wastes. The temperature 
requirements and consequent problems with volatilization of relatively volatile organics 
are serious drawbacks to this technology.
Organic polymer based processes
The organic polymer based process is a batch process in which wet or dry 
wastes are blended with prepolymer in a waste receptacle (steel drum). When these 
two components are thoroughly mixed, a catalyst is added and the mixing is continued 
until the catalyst is thoroughly dispersed. Mixing is terminated before the polymer is 
formed (Environmental laboratory, EPA, 1979). The polymerized material does not 
chemically combine with the waste but forms a spongy mass that traps the solid 
particles. This process has been used successfully for disposal of industrial 
radioactive waste sludges.
Encapsulation Processes
The encapsulation process involves mixing waste with a hardening resin. The 
coated material is then placed in a mold and fused at temperatures ranging from 
120°C to 200°C to produce a hard solid block (Peirce, et al., 1981). The process can 
be applied to some water soluble materials such as NaCl because the waste never 
comes in contact with water.
Classification Processes
The glassification process involves mixing waste with silica and then fusing the 
mixture into glass. The process is generally used for the disposal of extremely 
dangerous or radioactive wastes for which the high cost and high temperatures can be 
justified.
CHAPTER 3 
THE CHEMISTRY OF PORTLAND CEMENT
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Portland cement as most people know it is a hard, dense, stone-like material 
commonly used in the construction of roads and buildings. What is perhaps not so 
well appreciated is that the development of strength is the result of a series of 
chemical reactions between the cement constituents and the added water.
The origin of cement can be traced back to early Egyptian and Greek times. 
The use of cement reached a high level of expertise during the Roman period. In 
1824, Joseph Aspdin, a builder, rediscovered cement by burning a mix of limestone or 
chalk (calcium carbonate) and clay (aluminosilicate) in a rotary kiln at high 
temperatures (Double, et al., 1977). Modem Portland cement is very similar to 
Aspdin’s cement except minor constituents such as gypsum are added to prevent rapid 
"flash" setting. The raw materials combine to form small rounded lumps called 
"clinker" in the course of molding. The clinker contains reactive calcium silicates and 
aluminates (Bye, 1983). A typical elemental oxide composition of the cement clinker 
is CaO (63%), S i0 2  (22%), A12 0 3  (6 %), Fe2 0 3  (2.5%) and5% other oxides (Lea, 1971).
Varying the proportions of the clinker compounds gives rise to Portland cements 
having slightly different strength and setting properties. Type I Portland cement is 
the most common of all cement types. The principal phases present on the Portland 
cement clinker are shown in Table 1.
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Table 1
Typical Phase Composition of Type 1 Portland Cement
Phase Shorthand
notation*
Chemical
formula
Weight
percent
Tricalcium Silicate c 3s 3Ca0.Si0 2 55
Dicalcium Silicate c 2s 2Ca0.Si0 2 19
Tricalcium Aluminate q A 3Ca0.Al2 0 3 1 0
Tetracalcium Aluminoferrite c 4a f 4Ca0.Al2 0 3 .Fe2 0 3 7
(data from Lea, 1971)
* The shorthand notations commonly used by cement chemists are: CaO = C; 
S i0 2  = S; A12 0 3  = A; Fe2 0 3  = F; S 0 3  = S and H20  = H.
Hydration of Portland Cement
When cement is mixed with water, a series of sequential reactions of the 
anhydrous components take place. The most common approach to understand the 
complex hydration process is to study the hydration of individual compounds 
separately, although it is certainly true as indicated by some of the present work that 
there are interactions of the silicate and aluminate phases which make the cement 
clinker mixture more than just the simple sum of the constituent parts.
Hydration of Calcium silicates
Anhydrous calcium silicates (C3S and C^S) react with water to form calcium 
silicate hydrate (C-S-H), commonly known as "C-S-H gel" and calcium hydroxide.
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The hydration reactions can be written as:
2 Ca3 Si0 5  + 6  H20  -»  Ca3 Si2 0 7 .3H20  + 3 Ca(OH) 2  
Tricalcium silicate
2 Ca2 Si0 4  + 4 H20  —> Ca3 Si2 0 7 .3H20  + Ca(OH) 2  
Dicalcium Silicate
The formula given for C-S-H (Ca3 Si2 0 7 .3H2 0 )  is only a rough approximation, 
because the material is nonstoichiometric and poorly crystalline (Bensted, 1983). It 
is often called "tobermorite gel" because it is a series of hydrates of continuously 
varying compositions but showing some of the characteristics, including X-ray powder 
diffraction lines, characteristic of the crystalline mineral, tobermorite (Tamds, et al., 
1973). The C-S-H gel is primarily responsible for setting and hardening of the cement 
paste and for the ultimate strength of the matrix. The kinetics of C3S hydration are 
best described by reference to a calorimetric curve which measures the rate of heat 
evolution with time and its correlation with the rate of release of Ca2+ ions in the 
liquid phase of the hydrating paste (Wu and Young, 1984). The schematic 
representation of changes taking place in the CjS-water system is shown in Figure 
1 .1.
Five different stages of hydration have been identified by calorimetry (Kondo, 
et al., 1969).
1. Initial rapid hydration
An exotherm is observed in the first few minutes into the hydration, because the 
Ca2+ ions and OH' ions are rapidly released into the liquid phase from the surface of 
the C3S grain. The pH rises to 12 within a few minutes.
2. Induction (or dormant) period.
The initial exotherm is followed by an induction period, in which the heat
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liberation is low and lasts for 2 to 3 hours into the hydration. The induction period 
is apparently caused by the need to achieve a certain concentration of ions in 
solution before crystal nuclei can form from the solution. This process is known as 
nucleation control.
3. Acceleration period.
A second major exotherm is observed during this period which peaks after 5 to 6  
hours into the hydration. At the end of the induction period, the Ca2+ and OH' ion 
concentrations reach a critical value (supersaturation). Calcium hydroxide starts to 
crystallize from solution with simultaneous formation of C-S-H gel. As a result, there 
is renewed reaction of the C3 S grain with water and the reaction proceeds rapidly 
during the acceleration period. The C-S-H apparently coats the surface of the C3S 
grain.
4. Deceleration period.
At the end of the acceleration period, there is continued growth of hydration 
products and development of microstructure, but at a much slower rate. It lasts for 8  
to 1 2  hours after the mixing.
5. Diffusion controlled process.
The final stage, starts at about 12 to 16 hours and continues throught the 
remainder of the reaction period. As the hydration continues the thickness of the 
hydrated layer increases and forms a barrier, through which water must flow to reach 
the C3S grains. The system has now settled down to a slow reaction controlled by 
diffusion.
Figure 1.1. Schematic representation of the different stages of hydration 
for C3 S (adapted from Bensted, 1983).
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Figure 1.2. Release of Ca2+ and OH' from hydrating C3 S. 
(adapted from Wu, et al., 1984)
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The release of Ca2+ and OH" ions from the hydrating C3 S paste is schematically 
represented in Figure 1.2. Four different hydration periods have been identified and 
correlated with the calorimetric curve (Wu and Young, 1984).
1. Period A: Rapid dissolution of C3S resulting in a rapid increase in Ca2+ and OH" 
ion concentrations lasting 2  to 12 minutes (corresponds to Stage 1).
2. Period B: Steady increase in both Ca2+ and OH" ; i.e., d[Ca2+]/dt is constant, 
lasting around 5 hours (corresponds to Stage 2).
3. Period C: d[Ca2+]/dt slows but Ca2+ is still increasing to the maximum
supersaturation concentration (corresponds to Stage 3).
4. Period D: Rapid decrease in Ca2+ followed by slow, steady decrease
(corresponds to Stages 4 and 5).
C2 S hydrates in a similar manner but much more slowly than C3 S. The 
difference in the hydration rates are believed to be the consequence of the
differences in the crystal structure between the two silicates (Skalny, et al., 1980). 
C2 S does not play an important role during the early stages of cement hydration.
Several mechanisms for hydration of C 3S in the cement have been proposed in 
recent years. It is beyond the scope of this dissertation to discuss all of them. In 
general terms, models for cement hydration can be divided into two categories 
(Double, 1983):
1. Protective coating theories
2. Delayed nucleation theories 
Protective Coating Theories
According to Stein, et al., (1964) the rapid precipitation of C-S-H coatings 
around the cement grains forms protective barriers which inhibit the access of water 
to the grains, and cause the induction period. Double, et al., (1978) and Birschall, et
al., (1978) have postulated an ’osmotic membrane’ model based on electron 
microscopic studies. The proposed sequence of events is schematically illustrated in 
Figure 2.
In this model, C-S-H gel acts as a membrane that allows inward diffusion of
hydrolysis. The membrane is effectively impermeable to the outward diffusion of 
larger and sterically hindered silicate ions. Preferential diffusion leads to a rising 
osmotic pressure within the coating, sufficient to cause its rupture at the end of the 
induction period. The hydrous silicate, originally retained inside the coating, is 
extruded into outer lime-rich bulk solution, where it is precipitated as secondary 
C-S-H gel products (fibrillar, tubular forms).
water to the cement grains and outward diffusion of Ca2+ and OH' ions released by
0
anhydrous cement groins
supersa tu ra ted  
Co(OH), a t pH (2 7 Co(OH)c crystallizing
anhydrous core
Co»depleted (oyer; *- 
low m olecular m ass 
silicic ac ld s-sw eliing  
and Imbibing w ater mixed hydroxide
membrane precipitate 
form ed
osmotic bursting  of mem brane
fibrilla r outgrow ths 
of C - S - H  form ed
Figure 2. Schematic model for the hydration and setting of Portland cement, 
(adapted from Birchall, et al., 1978).
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Delayed-nucleation theories
In a second group of suggested mechanisms, the induction period is attributed to 
the delay in nucleation of C-S-H or calcium hydroxide or both. Young, (1972) and 
Young, et al., (1977) have studied the composition of the liquid phase of the 
hydrating C3 S pastes. The ionic product [Ca2 +][OH ' ] 2  was calculated as a function of 
time and the results confirmed that the maximum Ca2+ ion concentration corresponds 
to the end of the induction period and coincides with the onset of initial nucleation 
of Ca(OH)2. The increase in ionic product even after the nucleation of Ca(OH) 2  was 
attributed to the dominant role of [OH]'. The continued increase in [OH]' resulted 
from the polymerization of the silicate species. A plausible mechanism suggested by 
Young, et al., (1977) is as follows:
Initial hydrolysis:
C3S + H20  -» ’C2S’ + Ca2+ + OH'
(’C2 S’ is a lime-deficient C3S structure)
’C2 S’ + H20  -> 2 Ca2+ + H2 Si042' + 2 OH'
2 H2 Si042' + 2 OH' -> Si2 0 76' + 2 H 20 
At the end of the induction period:
Ca2+ + 2 OH" -» Ca(OH) 2  
2 S i044" + H20  -> Si2 0 76' + 2 OH'
i
[Si03]n2* + 2n OH'
The polymerization of silicate ions is confirmed by trimethylsilylation techniques 
(Currell, et al., 1985) and by 29Si nuclear magnetic resonance methods (Lippmaa, et 
al., 1982).
Hydration of Calcium Aluminates
Tricalcium Aluminate (C3 A) is the most reactive component in the cement and 
reacts with gypsum and water to form a hydration product known as "ettringite". The 
reaction sequence can be represented by the following equation (Skalny, et al., 1980).
C3A + 3 CSH2  + 26 H -> C3 A.3 CS.H3 2  
Tricalcium Aluminate Gypsum Ettringite
Ettringite is a stable product, if there is an ample supply of sulfate available. If
the [S042"] in solution drops, then ettringite reacts further with C3 A to yield
"monosulfoaluminate".
C3A.3CS.H32 + 2 C,A + 4 H -> 3 C3A.CS.Hj2
Ettringite Monosulfate
Both the steps in the hydration of C3 A are exothermic. The calorimetric curve 
for C3A looks qualitatively much like the curve for C3S, although the underlying 
reactions are different and amount of heat evolved is much greater for C3A. The 
first heat peak is completed in 1 0  to 15 minutes and is attributed to the formation of 
ettringite. The onset of the second peak coincides with the beginning of the 
conversion of ettringite to monosulfate. For most cements, this conversion takes 
place within 12 to 36 hours into hydration. Ettringite corresponds to octahedrally 
coordinated Al and has a columnar structure with sulfate ions and most water 
molecules located in the intercolumnar region (Moore, et al., 1968).
In the absence of gypsum, C3 A reacts with water to form hexagonal hydrates 
which are unstable and later convert to cubic aluminate hydrates.
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The hydration reactions can be written as:
C3 A + 21 H —» C4 AH1 3  + C2 AH8  (Hexagonal hydrates)
1
2 C3 AH6  + 9 H 
Cubic Hydrate
Young (1976) has proposed a mechanism for hydration of CgA which involves a 
rapid dissolution of C3 A grains to release Al(OH)4', Ca2+, and OH' into the liquid 
phase of the hydrating cement followed by formation of hexagonal hydrates. The 
hexagonal hydrates are known to have a layered structure. Corstanje, et al., (1974) 
postulated that the hexagonal hydrates provide an insulating layer that isolates C3A 
from the bulk of the solution. According to Corstanje, et al., (1974) the formation 
of C4 AH1 3  depletes the Ca2+ ions in the solution in contact with the C3A grains, 
thereby causing Al(OH) 3  to precipitate. In the presence of gypsum, this is unlikely 
because Ca2+ is supplied by gypsum. Periodic breakdown of the insulating layer, i.e., 
by conversion to cubic C3 AHg, will cause the Al(OH) 3  layer to break down and C^A 
will continue to hydrate. Tadros, et al., (1976) studied the kinetics and 
stoichiometry of C^A hydration and suggested the formation of an aluminum rich layer 
which causes fewer aluminum ions and more Ca2+ ions to be released into solution . 
Both the theories ultimately predict the formation of some kind of aluminum hydroxide 
but they are speculative. Tetracalcium aluminoferrite (C4 AF) forms hydration products 
similar to those from C3 A, but the reactions are much slower and evolve less heat. 
Fe can substitute for Al in the hydration products.
The order of reactivity of the individual phases in cement hydration during the 
first few days can be represented as:
C^A > C3S > C4AF > C2S
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CHAPTER 4
REVIEW OF BONDING AND INTERFERING MECHANISMS OF ORGANIC AND 
INORGANIC WASTES WITH HYDRATING CEMENT COMPOUNDS
The two broad classes of mechanisms associated with stabilized wastes are: 
(Tittlebaum, Cartledge, et al., 1985)
1. Physical entrapment
2. Chemical interaction
Physical entrapment can be divided into two categories:
a. Macroencapsulation: The physical entrapment of waste with a coating around a 
large (ordinarily solid) object.
b. Microencapsulation: Physical entrapment in which the waste is heterogeneously, 
but fairly finely dispersed within a solid matrix. Microencapsulation involves blending 
materials which are assumed to be mutually insoluble and incapable of chemical 
interaction.
Chemical interaction: Dispersement of waste homogeneously (i.e., homogeneous at the 
molecular level) in a solid medium. When two materials are soluble in one another, 
there is a chemical interaction. The type of chemical interaction can vary from very 
strong ionic or covalent bonds, hydrogen bonds, ion-dipole or dipole-dipole 
interactions to relatively weak London dispersion forces. The current stabilization 
techniques involve a combination of microencapsulation and chemical interactions.
An important aspect of cement technology is the use of admixtures to control 
the setting and hardening times of the fresh mix.
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ORGANIC ADMIXTURES
With respect to organic wastes, several questions need to be addressed: what 
happens to the organic under solidification/stabilization conditions, and what are the 
mechanisms of interaction of the organic with the cement matrix. Polar organic 
compounds such as phenols will be converted to the corresponding phenoxides because 
of the high basicity of the cement medium. The phenoxides present as ionic salts can 
be chemically fixed fairly strongly through hydrogen bonding with the matrix, but the 
water solubility characteristics depend on the nature of the counter ion. A covalent 
bonding possiblity also exists between an OH group of the organics and the Si-0 
bonds of the matrix, such as those in silicates. A number of base catalyzed 
substitutions or eliminations can be envisioned in the case of halogenated organics.
Many organic compounds retard setting of cement pastes. In spite of the lack 
of experimental data, several theories have been proposed to explain the retarding 
action of the organic admixtures. They are as follows (Young, 1976):
1. Organic interference with reactions of anhydrous cement grains, caused by 
adsorption of organics onto the grain surfaces and precipitation of insoluble 
materials.
2. Interference with the growth of hydration products brought about by nucleation, 
adsorption of admixtures onto the growth surface of nuclei, complexing and 
incorporation of admixtures into crystal lattices.
According to Young (1976), anions like malate, tartarate, and gluconate are 
strong retarders of C3 S hydration because their strong chelating properties with Ca2+ 
in the solution delays the nucleation of Ca(OH)2. Recently Banfill, et al., (1986) have 
shown by sorption studies of organic compounds from aqueous solution onto cement, 
that the nucleation and growth of Ca(OH) 2  is hindered by organic retarding 
admixtures. The effect of sugars on the time of appearance of Ca(OH) 2  and the
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amount precipitated from mixed solutions of CaCl2  and NaOH, showed delayed 
precipitation of Ca(OH) 2  (Banfill, 1986). Banfill proposed a retardation mechanism 
based on the poisoning of the growth of the Ca(OH) 2  nuclei by the organic 
compounds.
Young (1970), investigated the hydration of C3A in the presence of organic 
compounds by X-ray diffraction patterns and proposed a retardation mechanism where 
the organics enter the interlayer region of hydrated aluminates, disrupt the crystal 
structure and stabilize the hexagonal hydrates.
INORGANIC ADMIXTURES
The success of cement based solidification with inorganic salt admixtures has 
been attributed to the formation of insoluble hydroxides in the cement paste. 
According to Kantro (1975), the relative solublilities of the hydroxides formed by the 
cations determines the containment of the metal ions in the cement paste. Many 
inorganic salts have been classified by Double (1983), as accelerators with the 
exception of zinc and lead salts. The retarding effects of zinc and lead are not well 
understood. According to Thomas, et al., (1981) precipitation of protective coatings of 
gelatinous hydroxide (or related oxy compounds) around the cement grains retards the 
cement hydration.
In summary, few adequately documented studies have been reported on the 
physical and chemical stability of solidified and/or stabilized mixtures containing 
hazardous organic wastes. Almost no published information exists on the nature, 
strength, and performance of the bonds formed between the organic wastes and the 
cement matrix.
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CHAPTER 5
USE OF THE METHODS TO EVALUATE WASTE/CEMENT SYSTEMS
CHOICE OF ORGANICS USED IN THE STUDY
Polar organics were chosen for this study because they are the types of organics 
most likely to be present in significant amounts in mixed aqueous waste streams which 
also contain metal ions, and thus are good choices as solidification/stabilization 
interferences. Glycols and phenols are typical constituents of aqueous waste streams. 
Water-soluble organics were chosen for the present study because they are known to 
have an effect on the kinetics of the setting reactions in cement pastes (Lea, 1971). 
The organics used in this study were ethylene glycol (EG), p-bromophenol (pBP), p- 
chlorophenol (pCP) and p-(aminomethyl)phenol (pAMP).
EG is a common component of ordinary antifreeze and is completely miscible 
with water, and hence cement pastes can be prepared with any concentration of EG in 
water. In all cases a homogeneous liquid phase is being mixed with the cement 
clinker. Furthermore, there is evidence in the literature that EG has profound effects 
on already set cement and the mineral constituents thereof (Schlapfer, et al., 1936 
and Ciach, et al., 1971). According to Ciach, et al., (1971) when hydrated cement 
or C3 S is treated with EG, etching occurs, but it is unclear whether mainly C-S-H gel 
or calcium hydroxide is dissolved.
Phenols are water soluble weak acids (pKa = 9.3 for pBP and 9.4 for pCP). 
Under the highly basic conditions of setting cement (pH = 12), phenols should be 
essentially completely converted to phenoxide anions, and calcium phenoxides, whether 
Br-containing or Cl-containing, are insoluble in water. However, since phenols are 
rapidly leached into water under solidification/stabilization conditions, the form of the 
phenol that is leached is unclear. The reason for choosing halogenated phenols, apart
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from the fact that they are typical of real wastes, is that the presence of heavy 
atoms enables elemental analysis by energy dispersive X-ray analysis to locate the 
organic within the complex hydrated cement matrix.
USE OF CHEMICAL EXTRACTIONS TO EVALUATE ORGANIC/CEMENT 
SYSTEMS
The extractions were conceived as having a two-fold purpose: (1) to obtain 
qualitative data about the nature of binding of organic to the cement from the 
conditions of extraction required to recover the organic, and (2 ) to recover as much 
of the organic and its reaction products as possible in order to characterize any 
reaction chemistry occurring during solidification. The extractions were not intended 
to reproduce realistic leaching conditions in a landfill, although the extractions will 
provide guidelines to worst-case leaching possibilities. The extractions were carried 
out with three solvents: dichloromethane (DCM), dimethylsulfoxide(DMSO) and water. 
SUMMARY OF THE EXPECTED INFORMATION
The extractions with solvents of differing polarities give information regarding 
the extent and reversibility of binding of organics to the cement matrix. Changing 
solvent polarity would be expected to have a major effect on organic-solvent, organic- 
cement matrix and solvent-cement matrix interactions. The magnitude of these forces 
will determine the amount of organic recovered in the extractions. The intermolecular 
interactions between EG and the solvents, particularly dipole-dipole and hydrogen 
bonding, will increase in strength in the order DCM < DMSO < H2 0 .
The organics used in this study were not expected to react with the cement 
matrix, but are expected to undergo ionization reactions under the basic aqueous 
conditions characteristic of setting cement. The solvent-cement matrix interactions 
depend on the ability of the solvent to penetrate the cement matrix. The solubility
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and/or accessibility of the various matrix constituents to the solvents, is also 
expected to have an effect on the extraction behavior.
SOLID STATE MAGIC ANGLE SPINNING NUCLEAR MAGNETIC 
RESONANCE (MAS NMR)
The main distinction between solutions and solids in NMR spectroscopy is that 
the spectra of solids are generally broad and featureless. In liquids, isotropic and 
rapid tumbling averages out interactions such as the direct dipole interactions and 
the chemical shift anisotropy by a phenomenon called motional narrowing. In solids, 
these interactions are not completely averaged out because of the absence of 
molecular tumbling, and the nuclei experience one or more orientation-dependent or 
anisotropic interactions which lead to broadening of the spectra (Fukushima, et al., 
1981).
The three main interactions in the solid state are:
(1) Direct dipole-dipole interactions with other nuclei.
(2) Magnetic shielding by surrounding electrons giving chemical shifts.
(3) Quadrupolar interactions which will be present for nuclei with spin I > 1/2.
The dipolar interaction arises from direct dipole-dipole interactions between 
nuclei. The interaction is directly proportional to the magnitude of the magnetic 
moments, independent of the applied magnetic field and falls off rapidly with the 
intemuclear distance (Fyfe, 1983).
The chemical shift interaction ( H J  arises because nuclear spins are shielded 
from the applied field (H0) by surrounding electrons. The field experienced by the 
nuclear moment (i) is expressed by the equation:
Hcs = (l-o,) Hq
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in which is the shielding tensor for nucleus i. The interaction is linear with the 
applied field (Packer, 1982).
The quadrupolar interaction is present in nuclei with I > 1/2, all of which have 
a non-spherical charge distribution. The nuclear electric quadrupole moment interacts 
with the non-spherically symmetrical field gradient around the nucleus, and the 
magnitude of the interaction is such that it often completely dominates the spectrum 
for nuclei with I > 1/2, such as 2 7 A1 (Fyfe, 1983).
MAGIC ANGLE SPINNING (MAS)
MAS is a line-narrowing technique used to reduce the dipolar interactions in 
solids. MAS involves macroscopic rotation of a solid sample. As a result, the dipolar 
interaction is reduced to zero for complete isotropic motion, as in solution. The basic 
experiment consists of fast rotation of the sample about an axis inclined at an angle 
0 to the magnetic field direction as shown in Figure 3.
Figure 3. Schematic representation of the geometric arrangement 
for mechanical sample spinning (adapted from Fyfe, 1983).
S
The effect of the choice of the angle (0) may be predicted from the equation for the 
dipolar interaction between a pair of nuclei i and j with a separation Ry which is of 
the form
( A/R3y ) (3Cos20-1)
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where 0 is the angle between the intemuclear vector Ry and the magnetic field H0. 
In simple terms "A" represents potential energy of the interaction between the two 
nuclei which depends on the separation and the angle 0. The net effect is that 
the dipolar interaction is modified by a factor of (3Cos2 0-l). If 0 = 54° 44’ is 
chosen for the experiment, this term becomes zero and the dipolar interactions vanish, 
hence the label ‘MAGIC ANGLE’. Figure 4 shows that when a pair of nuclei with an 
intemuclear vector not parallel to the rotation axis is rotated rapidly, the average 
intemuclear vector executes a circular motion. If the motion is fast enough, the 
intemuclear vector can be considered to be at the center of the circle; i.e., on the 
rotation axis. Thus, rotation in effect makes all intemuclear vectors parallel to each 
other and to the rotation axis. When the rotation axis is chosen to be the magic 
angle, all interactions of the form 3Cos20 vanish as shown in Figure 5, and this is 
called magic angle spinning (Fukushima, et al., 1981).
Figure 4. Effect of fast sample spinning Figure 5. Variation of the term (3cos20 - l )
on the dipolar interactions. as a function of 0 (adapted from Fyfe, 1983).
(adapted from Fukushima, et al., 1981)
180°
e
B =  magic angle
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Just as the dipolar interactions are reduced to zero by MAS, the chemical shifts and 
the spin-spin couplings are averaged to their isotropic values by spinning at a rate 
comparable to the largest anisotropy in the system.
USE OF MAS NMR TO EVALUATE WASTE/CEMENT SYSTEMS
Solid state NMR techniques have recently been used to study the hydration of 
C3 S and ordinary Portland cement. It is a powerful technique used to follow 
structural and kinetic changes during the setting of cement. The method has not 
been used to study the cementing reactions in the presence of either wastes or 
materials which aid solidification. The method has a great potential because several 
nuclei of interest in cement chemistry are NMR active. Changing environments of 
2 9 Si, 27Al and in the cement paste, and 13C in organics can be monitored by NMR 
to provide fundamental information about the mechanisms of containment of wastes by 
cement matrices.
As mentioned before (chapter 3), cement hydration primarily involves hydration 
reactions of silicate and aluminate phases. These reactions are mainly brought about 
by the distribution of water in various environments, including the gel phase, 
crystalline domains and water bound in micropores and between layers. These 
transformations can be followed by NMR as alterations in the chemical shifts of Si or 
Al atoms, and as changes in the spin-lattice and spin-spin relaxation times of the 
water protons. Schreiner, et al., (1985) have measured proton relaxation times to 
characterize the different water environments in the hydrating cement pastes. The 
measurement of relaxation times in cement matrices as wastes are added is the subject 
of a parallel study (Yang, 1988). 29Si MAS NMR has proved to be an efficient 
method for structural elucidation of silicate anions in solid silicates (Lippmaa, et al., 
1980). 29Si chemical shifts depend mainly on the degree of condensation of silicon- 
oxygen tetrahedra. The different silicate environments and their chemical shifts in
solid silicates are shown in Table 2 (Lippmaa, et al., 1980).
Table 2
29Si CHEMICAL SHIFT RANGES IN SOLID SILICATES
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(data from Lippmaa, et al., 1980).
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All silicate anions can be described as a combination of Q units, with this symbol 
being used to represent a silicon atom bonded to four oxygen atoms Q = S i(01/2)4. 
The superscript shows the number of other Q units (Si-0 tetrahedra) attached to the 
silicon tetrahedron under study. Lippmaa, et al., (1982) have shown by 29Si NMR 
studies that hydration of C3S proceeds by formation of dimers and more slowly, linear 
polymers. Barnes, et al., (1985) and Clayden, et al., (1984) studied the hydration of 
cement as a function of the degree of polymerization of the silicate units in the C-S- 
H gel. Clayden, et al., (1984) have shown silicate dimer to be the predominant 
species in the hydrating cement paste. More recently Young (1988), by CP 29Si NMR 
showed that the effect of temperature and the addition of reactive silica on the 
hydration of alite (C3 S) is to increase the degree of silicate polymerization in the 
calcium silicate hydrate; i.e., increase the proportion of Q 1 units at the expense of 
Q°.
27Al MAS NMR is an efficient tool for the determination of Al-O coordination. 
27Al has shown its usefulness in characterization of silicoaluminate minerals (zeolites) 
(Fyfe, et al., 1982). The method has been used to follow the changes in Al-0 
coordination from tetrahedral to octahedral Al as a result of the hydration of 
monocalcium aluminate, the main component of high alumina cements (Muller, et al., 
1984). The 27Al chemical shifts depend mainly on the A l-0 coordination. Muller, et 
al., (1981) have measured the 2 7 A1 chemical shifts in polycrystalline aluminates and 
compared the measured shifts with the coordination number of the species with known 
structure. The chemical shift near 0 ppm corresponds to octahedral coordination 
while those from 55-80 ppm are characteristic of A l-0 tetrahedra (ppm from aqueous 
A1C13  solution). The range of 27Al NMR chemical shifts for four-coordinated Al from 
55 ppm in aluminosilicates to 80 ppm in aluminates was attributed to the effect of 
neighboring atoms in the second coordination sphere and/or other cations, but less to
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the degree of condensation of the Al tetrahedra under study (Muller, et al., 1986).
SUMMARY OF THE EXPECTED INFORMATION
29Si and 27Al NMR were used in the present work to study the effects of 
organics and/or metal ions and in some cases soluble silicates, on the formation of 
the polymeric silicate structure characteristic of hydrating cement and to follow the 
changes in the coordination of aluminum. The combination of both Si and Al NMR 
studies can provide unprecedented information on the fundamental cementing reactions 
in the presence of wastes.
CHAPTER 6  
EXPERIMENTAL PROCEDURES
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Materials
Type I Portland Cement used in the study was obtained from River Cement Co. 
(St. Louis, MO). The analysis of the cement, expressed in terms of elemental oxides, 
has been provided by River Cement Co., and is shown in Table 3. The following 
reagent grade chemicals were used: 1-decanol, ethylene glycol (Fischer Scientific 
Co.), p-bromophenol, and p-chlorophenol (Eastman Kodak Co.), 3-chloro- 
propyltrimethoxysilane, (y -glycidoxypropyl)trimethoxysilane, 
[2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane and sodium methyl siliconate (Petrarch 
Chemical Co.). p-Aminomethylphenol was prepared and purified as described below. 
Solvents used were dichloromethane (DCM), and dimethyl sulfoxide (DMSO) (Aldrich 
Chemical Co.); spectrograde materials used without further purification.
Table 3
Percent Composition of Type I Portland Cement Used in the Present Study
S i0 2 20.6%
Ai2o3 5.2%
Fe2 0 3 2.4%
CaO 64.9%
MgO 3.3%
k 2o 0 .6 %
so3 2.9%
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Preparation of p-aminomethylphenol(pAMP)
The compound was synthesized using essentially the same procedure reported in 
the patent literature (Farber, et al., 1983). A mixture of p-hydroxybenzaldehyde (610 
g, 5.0 mol), 28.8% ammonium hydroxide (1475 g, 25 mol), and 50% Raney nickel 
suspension in water (100 g) was placed in a 5 gallon autoclave, and 3 L of water was 
added as solvent.
The air in the vessel was displaced with hydrogen at atmospheric pressure. The 
vessel was closed, and the reductive amination was carried out with H2  at a pressure 
of 70 - 75 psi and room temperature. The product was insoluble in the reaction 
mixture and precipitated out as the reaction proceeded. At the end of the reaction 
the white solid was filtered and the Raney nickel present in the crude product was 
separated by dissolving the product in hot methanol. The methanol was removed on a 
rotary evaporator to give a colorless solid (480 g, 78% yield). The compound was 
recrystallized from a mixture of chloroform and methanol to give colorless crystals 
(361 g, 59%), m.p. 108-110 °C. Lit. m.p. 109 °C.
Sample Preparation
The required amount of organic compounds (0.2 g, 0.4 g, 1.0 g, 2.0 g, 5.0 g, 10.0 
g) were weighed into 20 mL borosilicate glass screw cap vials, and ten grams of 
Portland Cement and 4 mL of deionized water were added to each vial. The mixture 
was stirred to apparent homogeneity with a glass stirring rod (approximately 1  minute
Raney Nickel
C =0+N H a0H+H
p-hydroxybenialdehyde p>(aminomelhy I) phenol
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of stirring). The samples were allowed to set in the vials at 23 ± 2 °C for the 
prescribed amount of time (12 h, 24 h, 7 days, 28 days, 90 days and 1 year). Samples 
were stored in the dark to avoid any possibility of photochemical reactions of the 
organics.
Extraction Procedure
Extractions of samples were carried out with three solvents: dichloromethane (DCM) 
(dielectric constant (D) = 8.9, polarity index (PI) = 3.1); dimethyl sulfoxide (DMSO) 
(D = 47, PI = 7.2); and water (D = 80, PI = 10.2) (Snyder, 1978).
After the appropriate curing time, the vials were broken and the contents were 
ground by hand with a pestle in a mortar so that the mixture (with the exception of 
glass pieces) would pass through a 100 mesh screen. The contents, including glass 
pieces were transferred to a 125 mL erlenmeyer flask, and 120 mL of solvent was 
added. The resulting mixture was shaken for 30 minutes on a wrist-action shaker 
table, then filtered under suction through Whatman No. 41 filter paper. The filtrate 
was analyzed for organic content by gas chromatography.
Gas Chromatographic Analysis
Gas Chromatographic analysis has been carried out using internal standards, as 
described in the "Standard Operating Procedures for the Analytical Support Laboratory 
and Associated Project Laboratories of the Hazardous Waste Research Center" 
(Segesta, 1985). The three organic compounds analyzed by gc were ethylene glycol 
(EG), p-bromophenol (pBP), and p-chlorophenol (pCP).
The filtrate obtained after extraction was not concentrated prior to gc analysis. 
The concentration range observed in the filtrate was 5 x KT4  M (for EG extracted 
with DCM) to 0.60 M (for EG extracted with DMSO or water). The internal standard 
was added in amounts required to give concentrations close to those of the organics 
being analyzed. In the cases of the phenols being extracted with water a pH 
adjustment was made after filtration to ensure that the phenol was in the protonated
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form. Extraction of the ground cement gave a very basic aqueous solution (pH =12) 
and the pH of the filtrate was adjusted to 7.0 using standard sulfuric acid solution 
prior to gc analysis. Extraction of solidified cement (without organic admixture), 
using DCM, DMSO or water as the extracting solvent, did not show any interfering 
components at concentrations close to 10"4 M.
The analytical work has been carried out on a Hewlett-Packard Model 5790 gas 
chromatograph equipped with a model 3390A reporting integrator. A flame ionization 
detector was used in all the work. The column used in all the work was a 6 ft. x 
1/4 in. x 2 mm. 80/100 mesh Tenax glass column. The following internal standards 
were used; 1,3-propanediol for EG/DCM, EG/water, pBP/water, and pCP/water; p- 
cresol for pBP/DCM; p-t-butylpheonol for pBP/DMSO; and butanol for EG/DMSO. The 
temperature programming conditions are given in Table 4. The data are expressed in 
grams of organic waste recovered or % recovery by weight.
Table 4
Gas Chromatograph Conditions
EG/DCM EG/DMSO EG/H20 pBP/DCM* pBP/H20  pCP/H20
Temp 1,°C 130 135 170 240 220 230
Time 1, min. 2.3 3.0 3.0 2.0 1.0 1.0
Rate,°C/min. 9.0 9.1 9.0 6.0 19.0 20.0
Temp 2,°C 160 220 191 268 275 285
Time 2, min. 4.8 0 1.5 0 1.9 0.8
Inj.temp/C 250 250 250 295 280 290
Det.temp,°C 250 250 250 280 275 285
* Also pBP/DMSO
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UV analysis of p-Aminomethylphenol (pAMP)
Because of the presence of both an acidic and a basic functional group in pAMP, 
and hence the possibility of existence as a zwitterion, analysis which depends on 
volatilization, as gc does, presents serious problems. Thus, the amount of pAMP 
recovered from the samples was analyzed by ultraviolet spectroscopy, since the 
presence of a chromophore in the molecule makes the quantitative determination by 
this method convenient. pAMP has two absorption maxima, at 240 and 290 nm in 
water and at 280 and 350 nm in DMSO. Since the shorter wavelength peaks are the 
more intense ones, quantitation was done at 240 and 280 nm in water and DMSO, 
respectively.
Measurements were carried out on a HP8451A diode array UV spectrometer. 
Control examples extracted with water and DMSO were used as reference for each 
calibration at different curing times. This eliminates any interference due to cement. 
Calibration standards were prepared from a stock solution containing 0.0231 g of 
pAMP in 25.0 mL of deionized water. The standards yielding concentrations ranging 
from 5 to 30 mg/L were made up to a total volume of 10 mL using the 12 hour water 
extract from the control sample.
A calibration curve was obtained by plotting concentration versus absorbance. 
The linearity was checked by the regression equation:
y = mx + c
where y = concentration in gm/L, m = the slope of the line, x = the observed 
absorbance of the sample and c = the intercept. The calibration curve showed a 
regression coefficient of 0.9990 with m = 12.53 and c = -0.9957. Using the equation 
just defined, the concentration of pAMP in all 12 hour samples was determined from 
the observed absorbance.
The same procedure was used for setting up a calibration curve for 24 hour
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water samples, and the regression line showed the following characteristics: 
regression coefficient = 0.9965, m = 12.30, c = 0.4876. A single calibration curve was 
used for 7 day and 28 day water samples, and that curve showed: regression
coefficient = 0.9993, m = 12.34 and c = 0.4371. A single calibration curve was used 
for all DMSO samples, and it showed the following characteristics: regression 
coefficient = 0.9999, m = 61.28, c = 0.1907.
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SOLID STATE NUCLEAR MAGNETIC RESONANCE (NMR)
Solid state NMR of solidified cement samples has been carried out in order to 
follow the slow development of the solid matrix during the setting of cement. The 
relative proportion of silicon atoms in different chemical environments, and of 
aluminum atoms in tetrahedral and octahedral coordinations in the cement matrix was 
examined by NMR spectroscopy.
Materials
The materials used were Type I Portland cement (River Cement Company, Festue, 
MO), Type N aqueous sodium silicate solution (PQ Corporation, Valley Forge, PA) and 
reagent grade calcium hydroxide, lead nitrate, cadmium nitrate, p-bromophenol, p- 
chlorophenol and ethylene glycol used without further purification.
Two model sludges, lead and cadmium hydroxides, have been prepared by Frey, F. 
and Herrera, E. of the Civil Engineering Department at LSU. The two sludges were 
prepared by dissolving 165.5 g of Pb(N03 ) 2  and 154.2 g of Cd(N03)2, respectively, in 
2.0 L of distilled, deionized water. Calcium hydroxide (40.75 g) was added to each 
solution to raise the pH to greater than 11.5. The resulting sludge was dewatered by 
pressure filtration at 50 psi in a stainless steel zero head space extractor and the 
slurries were filtered through Whatman GF/F 9.0 cm glass microfibre filters with 0.8 
Jim openings. In order to avoid the possibility of contamination by carbonation or 
oxidation, all operations were carried out under a N2  atmosphere, and the samples 
were stored in containers sealed under N2. A total solids determination was made by 
weighing a small wet sample of the sludge and then drying for 2 h at 103 - 105 °C 
and reweighing. Pb and Cd analyses were carried out by initial digestion of the 
sludge according to Method 3050 (U.S. EPA, 1986), and then analysis by inductively 
coupled Ar plasma (ICAP). ICAP analyses were performed on blanks, three replicate 
samples and standard solutions of the metals.
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Various cement/waste, cement/additive and cement/waste/additive mixtures were 
prepared by weighing the required amount of waste or additive into 20 mL borosilicate 
glass screw cap vials, and adding ten grams of Portland cement and 5 mL of deionized 
water. The mixture was stirred to apparent homogeneity with a glass stirring rod and 
the samples were allowed to set in the vials at 23 ± 2 °C. For the 
cement/waste/additive system the order of mixing was additive, waste, cement and 
water, and that for the cement/organic/inorganic waste system was organic, inorganic 
waste, cement and water. Specimens were characterized at cure times of 4 hours, 8  
hours, 16 hours, 24 hours, 3 days, 7 days and 28 days. The variables of concentration 
and time of cure were studied for combinations of Type I Portland Cement, Type N 
sodium silicate (S iC ^/N a^ = 3.22) typical of commercial solidification processes, lead 
and cadmium hydroxide sludges, cadmium nitrate, ethylene glycol, p-chlorophenol and 
p-bromophenol. The specific mixes investigated (expressed as weight ratios) are shown 
in Table 5.
Table 5
Specific Mixes investigated Expressed as Weight Percentages
Portland 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
Water 0.5 0.5 0.5 0.5 0.5
Silicate * 0.05 * * *
EG * * 0 . 1 * *
pCP * * * 0 . 1 *
pBP * * * * 0 . 1
Cd(OH) 2 * * * * *
Pb(OH) 2 * * * * *
Cd(N03 ) 2 * * * * *
1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0 1 . 0
0.5 0.5 0 . 6 0.5 0.5 0.5 0.5
* * * 0.05 0.05 * *
* * * * * * *
* * * 0 . 1 * 0 . 1 *
* * * * * * 0 . 1
0 . 1 * * * 0 . 1 0 . 1 0 . 1
* 0 . 1 * * * * *
* * 0 . 2 * * * *
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Specimens were ground to a fine powder so that the mixture would pass through 
a 100 mesh screen and packed in Torlon rotors. Solid state 27Al and 29Si NMR 
spectra were obtained using a Bruker WP20Q spectrometer fitted with a Chemagnetics 
magic angle spinning (MAS) probe. The WP200 spectrometer is a Fourier transform 
spectrometer, employs quadrature detection with CYCLOPS phase cycling, and has a 
maximum spectral width of 50 kHz. The MAS probe has an outside diameter of 40 mm 
and fits the Bruker narrow-bore 4.7 T superconducting magnet with room temperature 
shims installed. The magic angle was set by observing the 81Br resonance in a sample 
of KBr spun at 5 kHz; the spinning angle was adjusted so as to maximize the 
intensity of the spinning sideband pattern. Repeated checks over the course of three 
different probe installations showed no detectable change in the setting of the magic 
angle, thus indicating good reproducibility for probe installation and good mechanical 
stability for the stator mounting.
All samples were spun in thick-wall Torlon rotors with a 7.5 mm outside 
diameter and a sample volume sufficient to hold ca. 150 mg of cement sample. 
Samples were spun with compressed air at a rate of 5 - 6.5 kHz. Spin rate was 
measured by detecting the rate of rotation of a static electrical charge on the rotor 
surface with a high impedance probe and measuring the frequency of rotation with a 
Tektronix 2465 oscilloscope.
In the 27Al MAS NMR experiments, only small tip angles were used so as to 
avoid spectral distortions that can be caused by the potentially large Al quadrupole 
coupling constants. A 3 (is pulse was used in the single-pulse experiment, 
corresponding to a tip angle of about 10°. Based on a set of spectra acquired with 
different relaxation delays, all Al sites were found to have spin-lattice relaxation 
times much less than 1 s; therefore, the acquisition time of 0.023 s was the time 
between pulses. The chemical shift reference was set by noting the resonant
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frequency in the MAS probe for a non-spinning aqueous solution of A1C13. The 
typical acquisition time for a 27Al MAS NMR spectrum of the cements was 0.5 h, 
corresponding to 70,000 scans. These conditions yielded a spectrum with a signal-to- 
noise ratio, based on the largest peak, of about 15.
In the 29Si experiments, the two important concerns were the poor sensitivity 
for 29Si and the long spin-lattice relaxation times for some 29Si sites. 29Si spin- 
lattice relaxation times were measured by the inversion-recovery method (90° pulse 
length was 18 (is ) for cements, both newly prepared samples and those aged for one 
year. The longest spin-lattice relaxation time found was 1.5 s. Therefore a 
relaxation delay of 5 s was used for all 29Si MAS NMR experiments for cements with 
an age greater than 1 day: 5800 scans; corresponding to 8  h of instrument time, were 
acquired for each sample. The typical signal-to-noise ratio was about 20. However, 
the 5 s relaxation delay was incompatible with the signal averaging requirements for 
the 4, 8 , 16 and 24 h samples, since changes in Si environments were occurring 
relatively rapidly. The following strategy was used: for the 4, 8  and 16 h samples 
the relaxation delay was set to 1 s; with 5000 scans, the spectra were acquired in 1.5 
h. For the 24 h sample, the relaxation delay was set to 5 s; 2000 scans were 
acquired, corresponding to 3 h of instrument time. Chemical shifts were recorded 
with respect to the resonant frequency of a non-spinning solution of tetramethylsilane 
in the MAS probe.
Analysis of 29Si and 27Al NMR Spectroscopic Data
The solid state 29Si and 27Al NMR spectra were analyzed by a software program 
called "NMR1" developed by New Methods Research Inc., Syracuse, NY. NMR1 is a 
FORTRAN 77 graphics-oriented software system which runs on VAX or micro VAX 
computers. The free induction decays (29Si and 2 7 Al) were transferred from the
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Brucker spectrometer to the VAX computer. The transfer software translates the data 
file, with its associated parameters, into the NMR1 format. The data were processed 
by applying baseline correction to the free induction decay; an exponential 
multiplication weighting function was applied using line broadening (of 40 and 100 for 
29Si and 27Al spectra respectively), and the data were fourier transformed. The 
spectra were manually phased, and baseline deconvolution was applied to correct the 
spectral baseline. Peaks were analyzed using a "CURVE FITTING" subroutine. Curve 
fitting is primarily used to obtain quantitative measures of the parameters (location, 
integrals, intensities and line widths) associated with overlapping peaks. The program 
fits a curve of known form (Lorentzian or Gaussian), but unknown parameters 
(resonance frequency, linewidth, and peak areas) to unresolved or incompletely 
characterized peaks. The program will search for values of the parameters which give 
an optimum fit according to a criterion of minimum residual sum of squares. The 
solution is found using a non-linear least squares algorithm.
When peaks to be analyzed are picked, the program estimates the initial position, 
intensity and width for each peak. Gaussian line shape was chosen to curve fit both 
29Si and 27Al NMR spectra because the largest line broadening mechanism was 
expected to be dominated by sample inhomogeneity. In cementitious systems, the 
inhomogeneous line broadening is probably due to the contribution by atoms (Si or Al) 
in different environments, having slightly different relaxation times to the signal. 
The program does the curve fitting automatically, and the converged peaks were 
integrated. A peak table is listed with location, intensity and linewidths output of 
the modeled spectrum.
For spectra with low signal-to-noise ratios the curve fitting method tended to fit 
some peaks with anomolously large linewidths, thus leading to erroneously large peak 
areas. Therefore, 29Si NMR spectra were also analyzed by a second method using
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simple integration (point by point summation of data point intensities within a given 
"window") on the Brucker spectrometer. The peaks were integrated in independent 
windows. The problem with the window integration method is the difficulty in 
choosing separate windows for overlapping peaks in some spectra. Nevertheless, the 
two methods are very useful to analyze the NMR spectra of overlapping peaks, which 
are not well characterized.
The analyzed data for 29Si and 2 7  Al spectra for the various 
cement/waste/additive combinations, will be presented in chapter 9 (results and 
discussion of solid state NMR spectroscopy). Both Si and Al data are presented as 
plots of atom percent (Si or Al) vs time. Curve fitting and window integration 
methods are compared for Si data as plots of atom percent vs time. Only curve 
fitting results are given for the Al data. The number of significant figures reported 
for the data is unrealistically high. The curve-fitting program carries through many 
significant figures, and enough of them are reported here to allow accurate 
reproduction of the curve-fitting results. Realistically, however, the limit of accuracy 
in NMR integration is ± 5 %.
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CHAPTER 7 
CHEMICAL EXTRACTIONS 
RESULTS AND DISCUSSION
This chapter presents the results of chemical extractions of cement samples 
solidified with polar organics (EG, pCP, pBP, pAMP) and some preliminary work 
with a non-polar organic compound, 1-decanol will be reported. The percent 
recoveries of the various organics as a function of concentration and time of cure are 
presented in Tables (Appendix A).
Physical Characteristics of Samples
When the very water-insoluble organic, 1-decanol, was solidified as the weight 
ratio of organic to cement varied from 1:50 to 1:1, the product of solidification varied 
from hardened cement to a two-phase system with hardened material and supematent 
liquid (shown by gc analysis to be pure 1-decanol). With the EG samples, there were 
great variations in the physical appearance of the mixes as functions of both 
concentration and time of cure, as shown in Table 6 .
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Table 6
Appearance of ethylene Glycol/Cement Samples
Ratio* Time of Cure
1 2  h 24 h 7 d 28 d 90 d
Soft Soft Hard Hard Hard
1:50 and and and and and
Wet Wet Dry Dry Dry
Soft Soft Hard Hard Hard
1:25 and and and and and
Wet Wet Dry Dry Dry
Soft Soft Hard** Hard** Hard
1 : 1 0 and and and and and
Wet Wet Dry Dry Dry
Very Very Soft** Slightly** Hard**
1:5 Soft, Soft, and Hard, and
Wet Wet Wet Wet Dry
Very Very Soft Soft Soft
1 : 2 Soft, Soft, and and and
Wet Wet Wet Wet Wet
1:1 All samples had standing liquid on top, a middle layer which was
light colored with loose cement, and a bottom layer which was 
darker in color and was a soft cement block.
* Weight ratio EG/cement & Water/cement = 0.4
** These samples were pink in color when prepared from one batch of Type I 
Portland cement supplied by River City Cement Co. Subsequent River City cement, 
including that used for all the subsequent work, did not give pink samples.
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Extraction Studies
The extractions provide a percent recovery of the organic as a function of the 
nature of the organic, solvent polarity and hydrogen bonding ability, concentration of 
organic in the curing cement, and time of cure. The three solvents used in the 
extractions were dichloromethane (DCM), dimethylsulfoxide (DMSO) and water.
Extraction of 1-decanol
Initial extraction work was performed on samples prepared using 1-decanol, a 
water-insoluble hydrocarbon-like organic. The purpose was to find out whether an 
organic which would be expected to have little chemical interaction with a cement 
matrix (but does have the possibility of hydrogen bonding interactions by virtue of 
the presence of an OH group) could actually be essentially completely recovered by 
the extraction procedure using a solvent expected to interact strongly with the 
organic, but not with the matrix; namely, DCM. If this is the case, then the grinding 
procedure is capable of freeing the majority of organic inclusions which are simply 
physically entrapped. Table 7.1 contains extraction data on a sample of one part (by 
weight) decanol to ten parts cement and four parts water. The sample was a 
hardened block which required grinding before extraction. The results shown are for 
extraction with DCM. These results indicate that the percent recovery is reasonably 
reproducible from sample to sample and confirm the expectation that there is little 
binding of decanol to the cement matrix, since percent recovery is large ( >85% ). 
Repeated extraction of the same sample results in overall recovery of 97% of the 
decanol (Table 7.2). The remaining 3% may be physically trapped in pores in the 
cement matrix which remain inaccessible to solvent after the grinding procedure. 
Table 7.3 shows the effect of a variable amount of grinding on the percent recovery 
of decanol in a single extraction with DCM. As expected, the finer the particles
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before extraction, the greater the recovery. Again, a reasonable interpretation of the 
finding is that physical entrapment is the major mechanism operating for binding of 
decanol.
Extractions of ethylene glycol (EG)
The first extensive set of extractions of samples containing varying ratios of 
organic to cement and at varying times of cure were performed on samples with EG, a 
water-soluble organic which will be in intimate contact with the cement during the 
setting reactions. EG is very soluble in all of the solvents used in the extractions; 
thus, solubility alone cannot be assumed to determine the amount of EG recovered by 
extraction. Due to the heterogeneous nature of some of the samples, reliable 
partitioning of large solidified samples would not be possible. Because of the large 
number of samples being prepared there was concern for reproducibility. The best 
indicator that assures reliable sample replication is the extraction behavior. With 
occasional exceptions the amount of organic recovered from solidified samples cured 
for the same length of time, is reproducible so that the standard deviation is < 1 0  
percent of the average of the values in three to six replicates. It is usually <5 
percent. The actual data for EG recovered from extractions of 9 separate 
preparations of 1:10 EG/cement samples aged for 28 days is: 0.822g, 0.796g, 0.794g, 
0.779g, 0.782g, 0.764g, 0.780g, 0.762g, 0.772g. These results indicate that the trends 
observed are real. The percent recoveries reported in Table 8.1 for extraction from 
28 day samples prepared with various weight ratios of EG to cement reflect the 
expectation that chemical interactions of EG with water will be greater than those 
with DMSO or DCM. Since DCM and DMSO extract relatively small amounts of EG 
(compared to water), and since the extraction procedure appears to free most 
physically entrapped organic, the reasonable conclusion to draw is that there is some
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chemical interaction between EG and the cement matrix that is stronger than the EG- 
DCM and EG-DMSO intermolecular interactions.
The loading of EG in the cement samples might be expected to influence 
extractability very substantially, since bound EG could be in quite different 
environments, and the cement matrix might be quite different, at different EG 
concentrations. Tables 8.2 and 8.3 present the extraction data for EG with DCM 
and water as a function of EG/cement ratio and time of cure. Surprisingly, as is 
typical of solvent extractions which can be characterized by a single extraction 
coefficient, the percent recovery of EG was approximately the same with varying 
content of organic in the samples (Figures 6  and 7). The only exception was the 
extraction of EG with DMSO (Table 8.4). Fig 8  shows a major break in extraction 
behavior of EG between weight ratios of 0.1 and 0.2 with DMSO.
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Figure 6
ETHYLENE GLYCOL EXTRACTION WITH DCM
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Figure 7
ETHYLENE GLYCOL EXTRACTION WITH WATER
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Figure 8
ETHYLENE GLYCOL EXTRACTION WITH DMSO
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These results suggest that at high loadings a larger proportion of the EG is very 
loosely bound. The difference between those environments shows up with DMSO 
extraction but not with water or DCM extractions, because in the former case the 
magnitudes of EG-solvent interactions and EG-cement interactions are more closely 
balanced.
The extent to which any EG may be irreversibly bound in the cement matrix has 
been investigated by repeated extractions of the same sample with water and DMSO 
(Table 8.5). In these experiments the solid residue after the initial extraction was 
treated with a second 120 mL of solvent, reshaken, refiltered and analyzed. The 
samples were ground only one time. All of the EG was not recovered after 5 
extractions with the most aggressive solvent, water. Evaporative losses of EG are 
ruled out by deliberately allowing the solids to stand open to the air for an hour or 
more prior to extraction which did not affect the results. It is concluded that there 
are sites where EG is bound more tightly than by surface hydrogen bonding and/or 
that there are sites in the cement matrix that are very poorly accessible to water.
The age of the sample affects extraction behavior (Tables 8.3 and 8.4). Again, 
the DMSO extractions are most indicative of a changing EG environment, with steadily 
decreasing percent recoveries up to 90 days of cure. At high loadings the decrease in 
% recovery does not really begin until after 7 days of cure.
The extraction results suggest that when EG is solidified with cement, the EG 
appears to occupy at least three different kinds of environments. A plausible 
mechanism for interaction of EG with cement is that the OH groups in EG are 
replaced by OM (in which M is Si, Al or Ca) in the cement matrix. As a result, EG 
is present in different environments ranging from -Si-O-CHj-GH^-O-Si-, -Si-0-CH2- 
CH2 -0-Ca- , to -Ca-0-CH 2 -CH2 -0-Ca- . EG present in these environments can not 
be extracted with DCM because the bonds to Si or Ca are much stronger than the
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EG-DCM intermolecular interactions. Water can readily extract EG because of its 
hydrogen bonding ability, even when EG is bonded to Si or Ca. At high EG 
loadings, larger amounts of EG may be bound to Si than Ca because Si is more 
oxyphilic than Ca, and such EG can be readily extracted with DMSO. However, at 
low EG concentrations the environments of EG (bound to Si and Ca) are more 
balanced. The EG bonded to Ca is possibly inaccessible or insoluble in DMSO, thus 
explaining the break in the extraction behavior. EG still remaining after repeated 
extractions with water or DMSO can be considered to occupy a third, even more 
tightly bound, environment. Conceivably this environment could be one in which the 
bidentate EG is chelated to Ca in the cement because 1,2-dihydroxy compounds such 
as catechol (with chelating properties) are known to form complexes with Ca in the 
cement paste (Skalny, et al., 1980).
Extraction of ethylene glycol in the presence of organosilanes
Ethylene glycol was also solidified in the presence of organosilicon "coupling 
agents". The coupling agents used are 3-chloropropyltrimethoxysilane, [2-(3,4- 
epoxycyclohexyl)ethyl]trimethoxysilane, (y - glycidoxypropyl)trimethoxysilane and 
sodium methyl siliconate. The coupling agents are materials used in the preparation 
of composite materials, i.e., plastics with inorganic constituents. The coupling agents 
serve as bridges beween the organic and inorganic components, in most cases allowing 
covalent bonding between the two components of the composite. Only a small amount 
of coupling agent was required in order to greatly influence the physical properties of 
the composite blend. In the present work, there was a set accelerating effect of 
cement containing EG, in the presence of organosilanes with the exception of (y- 
glycidoxypropyl)trimethoxysilane. The inorganic cement matrix was expected to be 
made more organophilic by the reaction of surface OH groups with the alkoxysilane
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coupling agents. The results in Table 9 indicate that that expectation was not 
realized. In no case was the percent recovery in water extraction lowered by the 
presence of the organosilane. The percent recovery in DMSO extraction also 
increased significantly. Table 10 shows that the percent recovery of EG with DMSO 
tripled in the presence of l.Og of the added 3-chloropropyltrimethoxysilane and [2- 
(3,4-epoxycyclohexyl)ethyl]trimethoxysilane. A reasonable explanation is that in the 
presence of silane coupling agents more EG is bound to Si and it can be readily 
extracted with DMSO.
A surprising observation was the presence of a reaction product methanol in the 
water extract, only in the case of (y-glycidoxypropyl)trimethoxysilane. The hydrolysis 
of trimethoxysilyl groups is well known to occur under strongly basic conditions. The 
reaction can be written as:
OCH, OH
I o h ” *
0  OCHgCHgCHg-Si -OCHj+3H^3 0  OCHgCHgCHg-Si-QH +3CHJDH
o c h 5 o h
(7-glycidoxypropyOtrimethoxysilone
Extraction of phenols
The phenols investigated were p-bromophenol (pBP), p-chlorophenol (pCP), and p- 
aminomethylphenol (pAMP). The percent recoveries of pBP in extractions with DCM 
and DMSO were very low (<1%) as shown in Table 10.1. No apparently meaningful 
trends as a function of phenol loading were observed. Percent recoveries of pBP with 
other solvents such as chloroform, tetrahydrofuran, 1,4-dioxane and isopropanol were 
also very low (<5%) (Table 10.2 ). Water extraction data as a function of 
phenol/cement ratio and time of cure are presented in Tables 10.3 and 10.4 for pBP
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and pCP. All the numbers are large, indicating that the phenol is not being 
effectively immobilized. The numbers are somewhat larger with pCP than pBP. As 
should probably be expected, as cure progresses, the percent recovery decreases, even 
though there are some irregularities with pBP. Both sets of data show the initially 
suiprising result that as concentration increases, the percent recovery initially 
increases, but then decreases again (Figures 9.1 and 9.2). This trend in percent 
recovery is observed for both pBP and pCP at all curing times from 12 hours to 90 
days.
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Figure 9.1
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A reasonable explanation is that phenol, when mixed with cement and water, comes 
in contact with Ca2+, Al(OH)4‘ and S i044' in the liquid phase of the hydrating 
cement. In addition to the calcium phenoxide, phenol can also be covalently bonded to 
Si and A1 in the cement. There is evidence from 29Si and 2 7 A1 NMR for acceleration 
of silicate and aluminate hydration during the early stages of cement hydration, in the 
presence of phenols (Chapter 9). Since the calcium phenoxide is insoluble in water 
(pH = 12), the phenol that is readily extracted in water appears to come from the 
rapid dissolution of phenol that is bound to Si and/or A1 in the cement. The amount 
of phenol present in the silicate and aluminate phases is limited by its large size. 
Therefore, at high phenol loadings, the decrease in recovery is attributed to the 
formation of more calcium phenoxide. The low recoveries of pBP with DCM and 
DMSO, is due to insolubility of the calcium phenoxide and also to the fact that 
covalent bonds (pBP with the cement matrix) are much stronger than the pBP-DCM 
and pBP-DMSO intermolecular interactions. The decrease in percent recoveries of pBP 
compared to pCP can be attributed to the large size of Br, which limits the amount of 
pBP in the silicate and aluminate phases. As a result, more pBP is present as the 
calcium phenoxide.
Extraction work with a third substituted phenol, p-aminomethylphenol was carried 
out to determine the substituent effect on the cement hydration. Table 10.5 shows 
two parameters called hydrophobicity (%) and size (Es). The former is a measure of 
affinity for water that is conferred by the substituent group and the latter is the 
size.
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Table 10.5 
Hydrophobicity and Size Parameters*
Substituent n Es
H 0 0
F 0.14 -0.46
Cl 0.71 -0.97
Br 0 . 8 6 -1.16
o c h 3 -0 . 0 2 -0.55
s c h 3 0.61 -1.07
SeCH3 0.74 -
c h 3 0.56 -1.24
c h 2 c h 3 1 . 0 2 -1.31
c h 2 n h 2 -1.04 -1.25
c h 2o h -1.03 - 1 . 2 1
* (from Hansch, et al., 1979)
The three substituents, Cl, Br and CH2 NH2  show a trend of increasing size but 
the amino-containing group is much more hydrophilic, and thus water soluble. Table 
1 0 . 6  shows the difference in extraction behavior which this difference in hydrophilic 
character results in. The numbers are larger and there is no maximum with increase 
in phenol/cement ratio. The DMSO extraction also shows higher recoveries (Table 
10.7). Both the salt and the unionized phenol are so water soluble that they are 
easily extracted.
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CHAPTER 8
SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY DISPERSIVE
X-RAY ANALYSIS (EDXA)
SEM and EDXA studies of solidified cement samples were performed by M. 
Walsh, A. Roy and D. Skipper from the Civil and Mechanical Engineering Departments 
at LSU. SEM observations of surfaces of solidified samples have been carried out in 
order to characterize the microstructural changes occuring as a function of addition 
of organics to cement. A large number of micrographs on Portland cement alone, and 
with various additives, have been published; but little work has aimed at the effect of 
organic additions on microstructural evolution (Tittlebaum, et al., 1985). EDXA 
analysis can provide an elemental profile of a solid surface. EDXA allows the 
detection of the organic (halogen) and a determination of its location in the complex 
microstructure of the hydrating cement. Calcium silicate hydrate (CSH) and calcium 
hydroxide (CH) are distinguishable by their morphological characteristics. C-S-H "gel" 
phase constitutes one-half to two-thirds of the volume of hydrated pastes and 
consequently strongly influences their behavior. CH crystals constitute 20% to 25% of 
the paste volume, As the paste ages, CH becomes an increasingly prominent 
constituent of the microstructure and is characteristically observed as hexagonal 
plates. Calcium sulfoaluminates initially form in set cement as the mineral ettringite 
and are observed as elongated hexagonal prisms. At later stages ettringite transforms 
to monosulfoaluminates which are observed as clusters of "rosettes" of irregular plates.
Ethylene glycol samples
Elemental analysis of EG containing samples was not attempted because EG 
contains only light elements. SEM micrographs reveal both CSH and CH in both
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plain and EG containing samples (Walsh, et alM 1986). Plain cement (water/cement = 
0.4) samples cured for one and three months exhibited large, striated crystals that 
have been generally identified as calcium hydroxide. Some areas appeared relatively 
amorphous. They were the predominent phase in the plain cement samples identified 
as calcium silicate hydrate.
SEM observations of the gross morphology of fracture surfaces of the solidified 
samples reveal few obvious differences between specimens of hydrating cement alone 
and cement containing low concentrations of EG. At the 0.1 weight ratio, however, 
significant differences were obvious. The regions of crystallinity became much less 
common with increasing concentration of EG. SEM results show that EG samples 
exhibited surfaces with grainy and nodular formations instead of the more dense 
surface with crystalline features characteristic of the control samples.
p-bromophenol samples
SEM observations of pBP-cement samples showed little deviation from the control 
samples except at high loading of pBP (0.2 pBP/g cement). The 0.2 pBP ratio samples 
appeared more dense than the control or those samples with lower pBP concentrations. 
The samples lacked the large, striated CH crystals and also small needle-like crystals 
commonly found in the control cement samples (Eaton, et al., 1987).
EDXA detected the presence of bromophenol in the gel phase (Roy, et al., 
unpublished), and no detectable amounts of pBP were observed in either the ettringite 
or in the CH. More recent studies on the interaction of pBP with cement by optical 
microscopy revealed yellow interference colors with cross polarizers, and these same 
regions were shown by electron probe microanalysis (EPMA) to be large macroscopic 
phases (10 uM or more in diameter) which are very rich in Br and Ca, and are not 
characteristic of the cement phases (Tittlebaum, et al., 1986). Br and Ca together
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constitute over 60% of the total elements present in these phases. Al and Si are 
present only in small amounts. This leads to the suggestion that the unique phase 
formed by pBP with cement may be the calcium salt of pBP. To substantiate the 
reasonableness of the suggestion, the calcium salt of pBP was prepared and its X-ray 
diffraction pattern showed a significant coincidence with the cement sample containing 
a large amount of pBP. The results indicate that calcium phenoxide does form 
separate phases in the hydrating cement.
g-chlorophenol samples
The micrographs of pCP containing samples, in contrast to pBP, did not show 
any macroscopic phases rich in Cl. X-ray dot mappping, which is a means of looking 
at the homogeneity of distribution in a sample, showed an even distribution of pCP 
within the hydrated cement paste (Skipper, 1986). The x-ray dot map which shows 
the frequency of emissions of x-rays from Cl atoms across the surface of a polished 
sample, did not show any areas rich in Cl. EPMA observations also indicate an even 
distribution of Cl in the sample (Skipper, 1986). SEM of pCP containing specimens 
showed a change in the morphology of the hydration product compared to the cement 
control. Clusters of acicular products in the control were replaced by randomly 
oriented rods, stacks of irregularly shaped angular plates, and thin strips or rods 
(Skipper, 1986). In a study by Milestone, sugar and sugar acids added to tricalcium 
silicate paste were found to alter the morphology of calcium silicate hydrate from 
acicular to flaky (Bendor, 1983). The alteration of hydration products suggests a 
chemical interaction between cement and pCP.
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X-RAY DIFFRACTION ANALYSIS
X-ray powder diffraction (XRD) techniques have been used for characterization 
of the crystalline components of cement for many years (Ghosh, 1983) and 
(Gutteridge, 1984). XRD is an efficient tool to characterize changes in the 
crystalline components of hydrating cement in the presence of organic wastes. Since 
the presence of organic waste in the cement matrix affects both the physical and 
chemical properties of cement, XRD can provide information on the extent to which 
the alterations in the crystalline composition of the cement occur in the presence of 
organic wastes.
Ethylene glycol samples
The major peaks occuring in the control cement samples, C-S-H and CH, have 
been identified (Walsh, et al., 1986). Higher concentrations of EG (0.1 and 0.2 ratios) 
showed more deviation from the control cement samples i.e., the C-S-H and CH peaks 
were less distinct and smaller compared to the control. However, after 90 days, 0.1 
ratio of EG sample showed better developed and more distinct peaks, but the 0.2 ratio 
of EG showed no substantial difference after 90 days. It appears that major changes 
in the microstructure of cement are taking place between 0.1 and 0.2 ratios of EG/g 
cement. This correlates well with the extraction studies, where a major break in the 
DMSO extraction of EG occurs at approximately the same concentrations.
£-bromophenoI samples
The crystallinity of Portland cement was visibly affected by pBP. Higher 
loadings of pBP (0.1 and 0.2 ratios), showed significant deviation from the control 
samples (Roy, et al., unpublished). A decrease in the amount of CH formed was 
observed, with increasing concentration of pBP. XRD patterns showed the presence of
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new peaks which are not characteristic of the cement matrix. The results suggest the 
formation of a new phase from the interaction of pBP with cement. SEM and EPMA 
analysis also show the presence of a new macroscopic phase rich in Ca and Br. There 
were several matches in the peaks observed in the XRD pattern of calcium salt of 
pBP and the new peaks observed in the pBP sample at higher concentrations. 
However, the number of matches between the peaks decreased at lower 
concentrations of pBP. The results indicate that the entity which is present as a 
macroscopic phase is the calcium g-bromophenoxide. The mismatch of the peaks of 
calcium salt of pBP and cement containing lower concentrations of pBP may be due to 
the overlap of intense CH peaks with that of the calcium salt and also due to the 
decrease in the amount of calcium salt of pBP being formed. The results of 
microscopy and XRD show the formation of new macroscopic phases rich in Br and Ca 
identified as calcium g-bromophenoxide. This correlates well with the extraction 
studies, where there was a decrease in percent recoveries of pBP at approximately the 
same concentrations attributed to the insolubility of the calcium g-bromophenoxide in 
water.
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CHAPTER 9
SOLID STATE 29Si AND 27AINM R SPECTROSCOPY
RESULTS AND DISCUSSION
This chapter presents the results and discussion of 29Si and 27Al MAS NMR of 
various cement/waste(organic and inorganic), cement/silicate and cement/waste/silicate 
mixes shown in Table 5 (Chapter 6 ). Si and Al spectra for the specific mixes are 
presented first, followed by plots of relative proportions of Si atoms in different 
environments as a function of hydration time. Plots of Si NMR data for cement alone 
and cement plus model wastes are compared by curve fitting and window integration 
methods. Also, the percent silicate hydration (degree of silicate hydration) for 
cement alone and the specific mixes was determined by adding the Si atom percent 
for all the hydrated species i.e., the sum of Q1, Q2, Q3  etc. Next, the percent 
silicate hydration for cement alone and the various mixes are plotted vs time. 
Finally, the Al NMR data is presented as plots of atom percent ( Al[4] and Al[6 ] ) vs 
time. The atom percent (Si and Al) vs time are plotted from the data shown in 
Tables (Appendix B).
Duplicate samples of cement alone, and cement plus model wastes were run at 
curing times of 4h, 8 h, 16h and 24h due to the heterogeneity of the cement system. 
Samples were duplicated only during early hydration periods because the major 
changes in the microstructure of cement are known to occur during the first 24 hours 
into the hydration. Si NMR data for duplicate cement samples containing 10% 
cadmium hydroxide cured for 28 days was essentially the same (Table 17.1). 
Generally accepted precision in NMR integration is ± 5 % . With occasional 
exceptions, both Si and Al NMR data for the cement samples were reproducible within 
± 10 %.
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NMR results for the various cement systems will be discussed and the possible 
mechanisms of cement hydration in the presence of wastes and/or silicates will be 
presented based on 29Si and 2 7 A1 NMR results and conduction calorimetric studies 
performed by Frank Frey of the Civil Engineering Department at LSU.
APPEARANCE OF THE SAMPLES
The organics (EG, pCP, pBP) retarded the setting of cement at early stages of 
hydration (4, 8 , 16, and 24 hours) compared to the cement alone. Sodium silicate 
addition (5%) had a set accelerating effect on the cement paste. Cement samples 
containing cadmium hydroxide sludge ( 1 0 %) had tiny (of the order of a fraction of a 
mm in size) white spots of the sludge uniformly distributed in the cement at all 
curing times (4 hours to 28 days). The most dramatic effect was seen in the sample 
containing lead hydroxide sludge (10%) which was a "soup" even after 36 hours of 
hydration.
TYPE I PORTLAND CEMENT CLINKER
Portland cement clinker is a polyphase inorganic binder, and the principal phases 
C3 S, C2 S, C3A and C4AF present in the clinker are not pure (Ghosh, 1983). Each 
phase contains a large number of elements in small quantities in solid solution. 
Consequently, the hydration products (C-S-H, ettringite, monosulfate, calcium 
hydroxide, etc.) are also impure. The crystal structures of both C3 S and C2S are 
made up of S i0 4  tetrahedra connected by calcium atoms (Lea, 1971). Both tri- and 
dicalcium silicates exhibit polymorphism but the exact nature of the silicates in 
cement is still in doubt (Ghosh, 1983). Tricalcium aluminate does not show 
polymorphic transformation in pure state. The lattice is cubic and contains eight 
A16 0 1818' rings of six A104  tetrahedra interconnected by Ca atoms (Mondal, et al.,
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1975).
Solid state 29Si and 2 7 A1 NMR of the cement clinker was performed to determine 
the nature of the silicate and aluminate species present in the clinker, prior to 
hydration. Figure 10.1 shows 29Si and 27Al spectra of the unhydrated cement clinker 
used in this study. 29Si spectrum shows the presence of only one environment for 
the Si atoms (-72 ppm), that characteristic of S i044" units (Q°) present in unhydrated 
tricalcium and dicalcium silicates. Barnes, et al., (1985) and Clayden, et al., (1984) 
also showed the presence of only (Q°) units in the Portland cement clinker by 29Si 
NMR studies.
The two peaks present in the 27Al spectrum are those characteristic of 
tetrahedrally coordinated Al (75 ppm) and octahedrally coordinated Al (13 ppm). The 
tetrahedral peak is characteristic of unhydrated aluminate and the octahedral peak 
represents the hydrated minerals (Muller, et al., 1984). Three different lot numbers 
of Type I Portland cement clinker from two different manufacturers and white cement 
clinker (Type I Portland cement with less iron content) showed wide variations in the 
proportions of Al atoms in the two environments (Figure 10.2).
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Figure 10.1. 27Al (above) and /ySi (below) NMR spectra of Portland cement clinker.29
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Figure 10.2. 27Al NMR spectra of Portland cement clinkers.
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The relative proportions of Al[4] and Al[6 ] in the various clinkers (analyzed by the 
curve fitting method) are shown in Table 11. The results indicate a wider variation 
in the nature of the aluminate phases in ordinary Portland cement. A logical 
explanation for the findings is that partial hydration of aluminate minerals has 
occured because of the hygroscopic nature of the Al. In all these samples, 29Si NMR 
showed the spectrum characteristic only of (Q°) units and the results show that 
changes have taken place with the aluminate phases but not with the silicate phases. 
27Al NMR is the only method so far known which is capable of detecting hydrated 
aluminate minerals (crystalline and/or amorphous) in the cement clinker.
Figure 10.3 shows the 27Al NMR curve fitting display for the cement clinker 
used in this study. The display shows the experimental spectrum and the modeled 
spectrum which is the sum of the fitted peaks. The difference between the 
experimental and modeled spectra is also displayed. The difference line shows a 
residual peak beneath the octahedral peak # 2. The curve fitting display indicates 
that there may be more than one octahedral Al site in the clinker. Curve fitting the 
27Al spectra to three peaks (one tetrahedral and two octahedral) was attempted, but 
for 27Al spectra of the hydrated cement pastes with only an octahedral peak, the 
curve fitting method tended to erroneously fit one of the octahedral peaks to a very 
broad, flat peak with an unrealistically large peak width. As a result, all the 27Al 
spectra were curve fit to a single octahedral peak, and a tetrahedral peak where 
applicable.
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HYDRATION OF PORTLAND CEMENT
29Si and 27Al spectra corresponding to the hydration of cement (water/cement = 
0.5) at various time intervals are shown in Figure 11.1. 29Si spectra show gradual 
growing-in of peaks characteristic of the terminal unit (Q1) (-79 ppm) and the 
internal unit (Q2) (-84 ppm) of the polysiloxane network that slowly forms during the 
course of hydration. The relative percent of Si atoms in different environments was 
determined from the NMR spectra by integrating the peak areas. The plot of Si atom 
percent vs hydration time for Portland cement analyzed by curve fitting and window 
integration methods is shown in Figure 11.2. Both the methods show a significant 
decrease in the amount of Q° units, a steady growth in the terminal silicate units 
(Q1) and the internal silicate units (Q2) develop more slowly during the early 
hydration period (from 4 hours to 24 hours). As the hydration proceeds, (Q1) unit 
grows steadily and is the major component of the hydrated cement at 28 days. The 
data is consistent with the formation of linear chain silicates (dimers) (Q1) as 
previously reported by Clayden, et al., (1984) by 29Si MAS NMR studies of the 
hydrated cement pastes. (Q°) units continue to decrease at a much slower rate after 
24 hours and the (Q2) units reach a maximum after 3 days and then decrease. A 
similar trend in the behavior of the (Q2) units was observed by Tamas, et al., (1976) 
by the use of trimethylsilylation of the hydrated cement paste. The method is based 
on the molecular size separation of the trimethylsilylated products of the hydrated 
cement by gel permeation chromatography. Unlike solid state NMR which can be 
directly applied to the cement paste, the trimethylsilylation method requires 
considerable manipulation of the silicate anion before the relative proportions of each 
species can be ascertained. The difficulty with the trimethylsilylation technique is 
that it results in a number of side reactions and a nonrepresentative silicate anion 
derivative.
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Figure 11.1. 29Si (left) and 11 A\ (right) NMR spectra as a function of time for27
cement/water pastes.
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Figure 11.2
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Figure 11.3 shows the curve fitting display for 29Si NMR data of cement 
hydrated for a week. The difference between the modeled and the experimental 
spectra is displayed as a flat line.
In contrast to the Si spectra, the changes in the Al spectra were completed 
much more quickly. Figure 11.4 is a plot of Al atom percent vs hydration time. It 
shows that the amount of the tetrahedral peak Al[4] decreases with time and is 
essentially completely converted to octahedral Al[6 ] peak between 1-3 days. Table 
11.2 shows the chemical shifts and line widths associated with the Al[4] and Al[6 ] 
peaks.
The variation in the Al[4] chemical shifts from 75 ppm in the clinker to 68-60 
ppm in the hydrating cement paste suggests a change in the Al[4] environment from 
Al[OH]4'anions to A104  tetrahedra with Al-O-Si bonds. Muller, et al., (1981) have 
shown that the chemical shift of Al decreases with increasing number of Al-O-Si 
bonds per Al tetrahedron (isolated Al tetrahedra: * 80 ppm , 3 Al-O-Si bonds: = 
64ppm). Stade, et al., (1987) studied the hydration products of Al containing C3S 
and attributed the variation in Al[4] chemical shifts to the incorporation of Al in the 
C-S-H phases by formation of Al-O-Si bonds which interconnect the silicate layers. 
The observed range of chemical shifts for Al[6 ] from 3-13 ppm indicates the formation 
of aluminate hydrates with varying compositions. Muller, et al., (1984) have shown 
that the chemical shifts for hydration products of monocalcium aluminate range from 3 
ppm for CaO.Al2 O3 .10H2O to 12 ppm for 3Ca0.Al2 0 3 .6H20  (hydrogamet). It is 
reasonable to suggest that in cement hydration Al[4] changes its environment from 
A1044' in the clinker to Al tetrahedra with Al-O-Si linkages before it is completely 
converted to Al[6 ].
27Al MAS NMR of the cement samples was also done at a higher magnetic field 
of 9.4 T using the Brucker AM 400 to assess the line narrowing potential associated
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with the reduced contribution of the second order quadrupolar interactions and also to 
resolve the spectra of the mixed hydration products. The results did not show any 
enhancement in the resolution or line narrowing of the peaks associated with higher 
field strength.
Figure 11.4 Al-27 NMR DATA
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QUENCHING THE CEMENT HYDRATION
It is clear from the NMR data, as well as prior cement literature (Ghosh, 
1983), that major changes in silicate and aluminate phases take place during the early 
hydration periods (mixing to 24 hours). Long acquisition times are required to achieve 
acceptable signal-to-noise ratios for the Si spectra because of the low natural 
abundance of the 29Si nucleus. To determine the effect of long acquisition times on 
the NMR spectra, the hydration reactions were quenched using isopropanol, which 
removes the water of hydration (Bye, 1983). The cement samples were ground at 
time intervals of 4, 8 , and 16 hours with a mortar and pestle in a glove bag under N2  
atmosphere. The ground samples were then transferred to an erlenmeyer flask 
containing 50 mL of isopropanol. The flask was hand shaken (for approximately one 
minute) and the solution was filtered under suction in the glove bag. The resulting 
cement powder was dried in an oven at 110 °C for one hour and the dried powder 
was analyzed by the NMR experiment.
Figures 11.5 and 11.6 show the 29Si and 2 7  Al spectra of cement samples with and 
without isopropanol quenching. The analyzed data for 29Si and 27Al NMR spectra of 
the cement quenched with isopropanol in Figures 11.7 and 11.8 reveal the presence of 
only Q° units (100%) after 4 hours compared to the cement alone which has 80% Q° 
units. Q 1 units begin to appear only at 8  hours whereas Q2  units were observed only 
after 16 hours. The data after 8  hours also shows that the cement sample quenched 
with isopropanol has more Q° units (90%), compared to the cement alone (Q° = 74%). 
However, the Si NMR data at 16 hours showed no difference between the two samples. 
27Al NMR data showed a small difference in Al[4] /  Al[6 ] ratio at 4 hours but at 8  
and 16 hours the two data sets are essentially the same. The results indicate that 
significant changes in hydration reactions take place faster than the time required to 
acquire the NMR spectra from mixing to 8  hours.
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Figure 11.5. 29Si NMR spectra as a function of time for cement/water pastes 
without (left) and with (right) isopropanol quenching.
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Figure 11.6. 2 9 A1 NMR spectra as a function of time for cement/water pastes 
without (left) and with (right) isopropanol quenching.
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Figure 11.8
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Hydration reactions were not quenched for other cement samples containing 
organics because the isopropanol can extract the organic out of the cement matrix.
MECHANISM OF CEMENT HYDRATION
The proposed mechanism is based on the known chemistry of cement hydration, 
observed features in the calorimetric curve for w/c = 0.5 (Frey, 1988) and the 
results of solid state NMR spectroscopy. Current views of the complex processes 
involved in cement hydration are summarized by Ghosh (1983).
Several authors have correlated various features in the calorimetric curve with 
the different processes of hydration (Halse, et al., 1984; Schrivener, et al., 1984). 
Conduction calorimetry shows an exotherm (first peak), in the first 2 to 3 minutes 
into the hydration. This peak has been attributed to the rapid dissolution of the 
clinker grains to release Ca2+, OH', A10H4', S 042* and S i044' into the liquid phase 
of the hydrating cement. Most authors agree, that cement draws early heat power 
from the hydration of aluminate phases. Kaminski and Zeilenkiewcz, (1982) in 
calorimetric studies, concluded that the heat output for aluminate hydration exceeded 
that for silicate hydration. According to Bensted (1983), when portland cement 
clinker is mixed with water the C3A reacts rapidly, the C3 S reacts progressively, and 
the other phases contribute as well, resulting in a marked increase in temperature and 
irreversible stiffening, followed by quick setting. The rapid dissolution of C3 A is 
immediately followed by a reaction between the calcium sulfate and the tricalcium 
aluminate in the liquid phase of the hydrating cement to form ettringite. 27Al NMR 
shows a decrease in the relative Al[4] atom percent from 34% in the clinker to 23% in 
the cement hydrated for 4 hours.
The initial exotherm in the calorimetric curve was followed by low heat output 
for about 2 hours (induction or dormant period). In studies of the aqueous phase
during C3 S hydration, Wu, et al., (1984) found that Ca2+ and OH" ions are released 
into the surrounding water at a constant rate during the induction period, followed by 
a brief period of slower release (5.5 to 6  hours). According to Young (1972), and 
unpublished results by Greening (referred in Bensted, 1983) further hydration is 
retarded by the high calcium ion concentration in the interfacial region (between the 
surface of the calcium deficient C3S grain and the liquid phase), which results in a 
solution rich in calcium and hydroxyl ions until sufficient supersaturation (1.5 - 2.0 
times the saturation value) accumulates to give stable calcium hydroxide nuclei. 
Tadros, et al., (1976) have suggested that the presence of bulky silicate ions retards 
the nucleation and growth of calcium hydroxide leading to supersaturation of the 
latter. At this point the sudden drop in calcium ion concentration occurs due to the 
formation of calcium hydroxide (Wu, et al., 1984) and the C-S-H gel. Studies of CH 
crystallization from filtrates and calculations of ionic products for calcium and 
hydroxyl ions, provide evidence for "silicate poisoning" of the calcium hydroxide nuclei 
(Wu, et al., 1984 and Young, et al., 1977).
After 2 hours, a second exotherm (second peak) was observed in the calorimetric 
curve which lasted about 8  hours into the hydration and is attributed to the renewed 
hydration of the cement grains to maintain the calcium ion concentration in the 
solution. The peak maximum occurred at 5 hours, and the rate of heat output was 
about 0.01 times that of the first peak. Silicate hydration is believed to be the 
major contributor to the second peak. 29Si NMR of the cement paste during this 
acceleration period ( 8  hours) showed significant growth of dimeric silicate units Q 1 at 
the expense of the orthosilicate units Q°.
!H NMR relaxation time measurements (Yang, 1988) detected the presence of C- 
S-H gel at 6  hours. Thus, the second peak in the calorimetric curve correlates with 
the appearance of C-S-H gel as shown by the 29Si NMR and lH relaxation time
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measurements. Ionic product studies of C3 S hydration (Wu, et al., 1984) revealed 
that crystallization of calcium hydroxide starts at the end of the dormant period, but 
crystal growth is initially slower compared to the dissolution of the C3 S.
Calorimetry shows a decrease in heat output (deceleration period) from 8  hours 
to 1 2  hours attributed to the slow hydration of the anhydrous silicate grains because 
diffusion through the built up layer of C-S-H gel becomes the rate controlling step. 
After 16 hours, 29Si NMR shows a significant decrease in the Q° unit and a gradual 
growth of Q 1 and Q2  units.
The formation of Q 1 and Q2  units from Q° releases the calcium and hydroxide 
ions into the liquid phase of the cement paste. The results indicate that the source 
of calcium ions, in the liquid phase of the cement paste at early stages is from the 
dissolution of the cement grains and gypsum, but at later stages the calcium comes 
from the polymerization of the silicate anions. Since the calcium hydroxide crystals 
incorporate the silicate ions (Bensted, 1983), the silicate ions poison the growth of 
the calcium hydroxide nuclei which slows further precipitation of calcium hydroxide. 
As a result, the reaction becomes diffusion controlled at later stages. Several 
authors have proposed the "silicate poisoning" of the calcium hydroxide nuclei during 
the hydration of cement (Tadros, et al., 1976 and Wu, et al., 1984).
Al[4] decreases significantly by 16 hours and is completely converted to Al[6 ] 
between 24 hours to three days. A significant amount of Al[6 ] during this stage of 
cement hydration may be present as a cubic hydrate because conversion of ettringite 
to monosulfate (cubic hydrate) is well known to occur between 12 to 36 hours into 
the hydration (Young, 1976).
29Si NMR shows that as the hydration proceeds, the proportion of dimeric 
silicate Q 1 greatly increased over the period from 24 hours to 3 days, and Q2  reaches 
a maximum during this period and then falls off before it reaches a steady state. A
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noticeable trend in the silicate hydration is that during early stages Q 1 units grow at 
the expense of Q° units, but after 3 days Q 1 units continue to grow at the expense 
of Q2  units instead of Q° (Table 11.2). The results indicate that at later stages 
depolymerization of Q2  units by the Q° units takes place to give more Q 1 units. Q 1 
unit is the major component of the cement matrix after 28 days. The change in 
reactivity of the orthosilicate anions during the hydration of cement and calcium 
silicates was studied by Tamas, et al., (1973). The rate constant for the formation 
of silicomolybdic acid, from the reaction of orthosilicate anions with molybdates 
showed a gradual decrease in the reactivity of the orthosilicate anions during 
hydration. The rate of this decrease was high in the case of cement, medium in case 
of C3 S and very low in case of C2 S. Barnes, et al., (1985) also reported by 29Si 
NMR studies that C^S was less than 20% hydrated after 7 days in contrast to C3S and 
cement samples which were more than 50% hydrated. Barnes, et al., (1985) suggested 
that the cement clinker initially is predominently C3 S, but as the hydration proceeds 
becomes enriched in C2 S. C2S phase in cement is known to hydrate much more 
slowly than the C3S phase (Bensted, 1983).
It is reasonable to suggest that during the early stages of cement hydration the 
Q° units of C3S are hydrated, but at later stages the Q° units of C2S are involved in 
the depolymerization of Q2  units to form more Q 1 units. The mechanism of cement 
hydration can be represented as:
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EFFECT OF SODIUM SILICATE ADDITION ON CEMENT HYDRATION
The 29Si NMR spectrum of Type-N sodium silicate solution (Si0 2 /Na2 0  = 3.22) is 
shown in Figure 12.1. The spectrum shows from left to right, small amount of Q° 
and already polymerized Q1, Q2, Q3  and Q4  units. The relative proportions of Si 
atoms in the sodium silicate solution are 52% chain-branched (Q3) units, 37% chain- 
linked (Q2) units, 6.5% chain-end (Q1) units and 4.4% cross-linked (Q4) units.
89
Figure 12.1. Solution phase 29Si NMR spectrum of type N sodium silicate solution.
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29Si NMR spectra of cement with and without the addition of 5% sodium silicate 
are shown in Figure 12.2. The relative intensities of Q° and Q 1 units in the Si 
spectrum reveal that the development of the polysiloxane network characteristic of set 
Portland cement occurs faster in the presence of already-polymerized polysiloxane 
units of the sodium silicate solution. A plot of Si atom percent vs time (Figure 12.3) 
for cement containing 5% sodium silicate shows only 60% of Q° after 4 horns into 
the hydration, a significant decrease compared to the cement alone (Q° = 80%). The 
data reveals that substantial amounts of Q 1 and small amounts of Q2  are formed 
during this hydration period (4 hours). The initial acceleration is followed by a 
period of relative dormancy with respect to Q°, Q 1 and Q2  i.e., no significant 
changes occur in the proportions of the various silicon environments from 4 to 16 
hours. However, the chain-branched (Q3) units begin to appear at 24 hours and by 28 
days the cement matrix is characterized by the presence of Q3  units and cross-linked 
(Q4) units which are not present in mature Portland cement pastes.
Figure 12.4 compares the percent hydration (measure of the degree of cement 
hydration) of cement alone with cement containing 5% sodium silicate. The addition 
of silicate solution enhances the degree of silicate hydration (up to 16 hours) 
compared to the cement alone, but at later stages the total degree of hydration 
approached that observed in the case of cement alone.
Figure 12.2. 29Si NMR spectra as a function of time for cement/water pastes
with (left) and without (right) soluble silicates.
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Figure 12.3
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The more surprising observation was the effect of silicate on aluminate 
hydration, as shown in Figure 12.5. Hydration of aluminate phases was greatly 
accelerated by the soluble silicate. A significant decrease in the Al[4] content from 
26% in the cement control to 16% in the presence of silicate was observed after only 
4 hours (Figure 12.6). This is presumably the source of set-accelerating effect of the 
addition of soluble silicates to cement, since early set in cements is due to the 
changes in the aluminate phases.
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Figure 12.5. 2 9 A1 NMR spectra as a function of time for cement/water pastes
with (left) and without (right) soluble silicates.
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MECHANISM OF INTERACTION OF SODIUM SILICATE WITH THE
CEMENT MATRIX
The first exotherm for cement containing 5% sodium silicate showed slightly 
increased heat output over the cement control, indicating more rapid dissolution of 
the Ca2+, OH', S 042', Al(OH)4' and S i044' ions. However, the total heat released 
during the same period (first ten minutes) was reduced.
The peak maximum for the second exotherm was shifted from 5 hours to 3.5 
hours revealing a shorter dormant period compared to the cement control. Extra base 
from the silicate solution can result in increased [OH]' ion concentrations which 
results in earlier precipitation of calcium hydroxide and early end to the dormant 
period. 27Al NMR showed significant acceleration in the aluminate hydration 
compared to the cement control after only 4 hours into the hydration. A reasonable 
explanation for the acceleration in the aluminate hydration is that the polymerized 
silicate present in the liquid phase of the hydrating cement aids the formation of 
silicoaluminates compared to the case of cement alone. We and others propose that 
an important step in aluminate hydration is the conversion of C3 A to a silicoaluminate 
containing tetrahedral Al on the way to eventual conversion to octahedral Al. 29Si 
NMR also revealed early growth of Q 1 and Q2  units. Calorimetry and NMR results 
reveal the formation of C-S-H gel earlier than the control sample.
The initial acceleration in the onset of both silicate and aluminate hydrations is 
followed by a period of relative dormancy up to 16 hours. The early formation of Q 1 
and Q2, and an increase in the amount of total silicate anions in the cement paste 
from the added silicate poisons the growth of calcium hydroxide nuclei. As a result, 
the calcium and hydroxide ion concentrations are high in the liquid phase of the 
hydrating cement paste for a long period and no further cement grain dissolution 
occurs during this period (4 to 16 hours). As the hydration proceeds, Q 1 and Q2
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units are further hydrated, and the slow precipitation of the calcium hydroxide 
reinitiates further dissolution of the cement grain at a rate comparable to that of the 
cement alone.
The total heat output was higher than the cement control samples for the first 
30 hours into the hydration but fell to the control values afterwards. The degree of 
silicate hydration approached that of the control between 24 hours to 3 days (29Si 
NMR). The calorimetric results show that the hydration reactions proceed slowly 
after the second exotherm and become diffusion controlled at an earlier period 
compared to the cement alone.
In summary, sodium silicate accelerated both the aluminate and silicate hydration 
in the cement matrix. However, the total degree of silicate hydration was comparable 
to that of cement alone after 28 days. The mature cement matrix showed the 
presence of branched and cross-linked silicate units.
EFFECT OF ETHYLENE GLYCOL ON CEMENT HYDRATION
29Si and 27Al spectra of cement containing 10% EG are shown in Figure 13.1. 
Both the Si and Al spectra show a slight acceleration during the early stages of 
hydration (4 and 8  hours) compared to the cement alone. The Si atom percent plot in 
Figure 13.2 shows a period of relative dormancy from 4 hours to 16 hours followed 
by a gradual decrease in Q° units up to 7 days. A renewed reaction was observed 
between 7 days and 28 days, during which Q2  units outgrow the Q 1 unit to become 
the major component of the cement matrix after 28 days. In contrast to cement alone, 
the proportion of Q 1 units does not change with time from 24 hours to 28 days.
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Figure 13.1. 29Si (left) and 27Al (right) NMR spectra as a function of time for
cement/water/ethylene glycol pastes.
s/uainH& Mts
m/tm - )
M.UOMUH-*7 MAS 
mnm • o.r/i.o/b.i t
m DAYS
7 BAYS
t  DAY*
f  u
ft
! \
- 4* h C  ' ... -Ac 1 ■ -ite • ' ’ ' -io
AT
OM
 
PE
RC
EN
T 
AT
OM
 
PE
RC
EN
T
Figure 13.2 100
Si-29 NMR DATA 
W/C/ETHYLENE GLYCOL = 0.5/1.0/0.1
CURVE FITTING
80
0(0)
0 (1)
0(2)
60
40
20
0
1 0 1001 1000
TIME (HOURS) 
WINDOW INTEGRATION
80
0 (0 )
0 (1)
0 (2)
60
40
2 0
0
10 100
TIME (HOURS)
1000
101
Comparison of the degree of silicate hydration for cement containing 10% EG and 
cement alone (Figure 13.3) shows a slight increase in the degree of silicate hydration 
after 4 hours, followed by a decrease up to 7 days in the presence of EG. A slight 
increase in the total degree of hydration was observed after 28 days compared to the 
cement alone.
Al atom percent data (Figure 13.4) shows a slight acceleration in the aluminate 
hydration compared to the cement alone after 4 hours, followed by a period of 
relative dormancy up to 16 hours. The degree of aluminate hydration from 8  to 16 
hours was slightly retarded compared to that of cement alone.
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MECHANISM OF INTERACTION OF EG WITH THE CEMENT MATRIX 
A reasonable explanation for the findings is that EG when mixed with cement 
and water is bonded to Ca2+ , S i044' (Q°) unit and Al(OH)4' present in the liquid 
phase of the hydrating cement. The interaction of the EG (bidentate ligand) with the 
aluminate ion [Al(OH)4~] possibly occurs through condensation of the OH groups to 
form 1:1 and/or 1:2 complexes. The reaction sequence for the formation of chelates 
in the presence of EG can be written as:
There is no work reported in the literature on the aluminate complexes of EG. 
However, 1,2-dihydroxy compounds such as catechol are known to form complexes 
with metal ions (Al, Ca, Si) in the cement paste (Skalny, et al., 1980). We propose 
that the complexation of EG with the aluminate ion acclerates the the aluminate 
hydration during early hydration period. Replacement of the OH groups of EG by OM 
(in which M is Si or Ca) can possibly occur. As a result, the degree of silicate 
hydration is slightly increased over the control. The early acceleration in the
A 1 0 3 ” +  3 H g P   — »  A K O H ) ^  +  2 0 H ”
(Tricalcium a lum ina te)
A I ( O H ) :  +
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hydration implies that EG is also present in the hydrated silicate and aluminate 
phases. EG bound to Si and Al appears to solubilize the silicate and aluminate species 
into the liquid phase of the hydrating cement, in contrast to the cement control 
where the silicate and aluminate hydrates are insoluble in water. Measurements of 
ionic concentrations in the aqueous solution of cement slurries by Thomas, et al., 
(1981) showed low levels of Si and Al during the cement hydration.
Calcium ion concentrations, in the liquid phase after the initial acceleration are 
high due to the solubility of the silicate and aluminate ions which are bonded to 
calcium and EG. As a result, no further grain dissolution occurs and a period of 
relative dormancy is observed for both silicate and aluminate hydrations between 4 
hours and 16 horns. The degree of silicate hydration is retarded compared to the 
cement alone from 8  hours to 7 days. The dissolution of the cement grains occurs 
over an extended period (until 7 days) because of high calcium ion concentrations in 
the liquid phase. Ca(OH) 2  precipitates after 7 days which results in renewed 
hydration. Transmission electron microscopic studies of cement containing EG (Chou, 
et al., 1987), showed the presence of EG on the surface of calcium hydroxide 
crystals. Calcium hydroxide appears to adsorb the EG bonded to Si.
Redissolution of the cement grain occurs immediately following the calcium 
hydroxide precipitation. At later stages, there is renewed silicate hydration in the 
presence of EG as opposed to the diffusion controlled process which operates by this 
time period in cement alone. In contrast to cement, the orthosilicate units of C3 S 
react instead of C2S during this time period. Since Q° units of C3S are more 
reactive compared to C2S (Tamds, et al., 1973), polymerization of the silicate anions 
is enhanced in the presence of EG at later stages (28 days). Q2  is the major 
component of the mature cement matrix containing 10% EG instead of Q 1 in the 
cement control.
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The change in the silicate structure of the mature cement observed by NMR 
studies correlates with the SEM studies (Walsh, et al., 1986), where significant 
changes in the morphology of the C-S-H phase occurred in the presence of EG. SEM 
studies showed lack of crystalline features characteristic of control samples and the 
results indicate that EG is incorporated into the C-S-H gel. XRD studies of cement 
containing EG showed delayed growth of calcium hydroxide crystals.
EFFECT OF pBP AND pCP ON CEMENT HYDRATION
29Si spectra (Figure 14.1) of both pBP and pCP show early growth of Q1, Q2  
and Q3  units 4 to 8  hours into hydration. Plots of Si atom percent vs time for pBP 
and pCP (Figures 14.2 and 14.3) reveal a dormant period from 4 hours to 3 days 
followed by a slow reaction up to 28 days. The mature cement matrix containing pBP 
is characterized by equal amounts of Q° and Q 1 (40% each), in contrast to cement 
control in which Q 1 is the major component after 28 days. pCP containing cement is 
also characterized by more Q° (40%), and equal amounts of Q 1 and Q2  units (30% 
each).
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Figure 14.1. 29Si NMR spectra as a function of time for cement/water/pBP pastes
(left) and cement/water/pCP pastes (right).
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Comparison of the degree of silicate hydration for cement containing pBP, pCP 
and cement alone (Figure 14.4) shows an increase in the onset of silicate hydration (4 
to 8  hours) followed by retardation up to 28 days for both pBP and pCP. Figure 14.4 
shows a dormant period between 8  hours to 3 days for both pCP and pBP. The total 
degree of hydration after 28 days is approximately the same for both pCP and pBP.
27Al spectra of pBP and pCP (Figure 14.5) show a similar trend in the hydration 
of aluminate phases (an increase in the onset of aluminate hydration). The Al atom 
percent plots for pBP and pCP (Figures 14.6 and 14.7) show the presence of Al[4] 
even after 3 days despite the initial acceleration.
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Figure 14.5. 29Al NMR spectra as a function of time for cement/water/pBP pastes
(left) and cement/water/pCP pastes (right).
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MECHANISM OF INTERACTION OF pBP AND pCP WITH THE
CEMENT MATRIX 
Both pBP and pCP (10%) substantially increased the maximum height of the first 
exotherm in the calorimetric curve. The total heat output for both the phenols was 
higher than the cement control, and pCP had both higher first peak and a larger 
amount of heat generated than pBP. Calorimetry indicates faster dissolution of the 
ions in the presence of phenols. Phenol being an acid, aids the rapid dissolution of 
the basic species from the cement grains to form calcium phenoxide. The increase in 
the total heat output is attributed to the formation of calcium phenoxide and also to 
the acceleration in the aluminate hydration. We propose that acceleration, in both 
silicate and aluminate hydrations during early stages (29Si and 27Al NMR) is due to 
the redissolution of the cement grain caused by the depletion of calcium from the 
liquid phase by the formation of calcium phenoxide. As a result, more silicate and 
aluminate ions are released in to the liquid phase. The covalent bonding of the OH 
group of the phenols with aluminate and silicate ions results in the formation of Al- 
O-Ph and Si-O-Ph bonds. The mechanism of cement hydration in the presence of 
phenols can be represented as follows:
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The second exotherm in the calorimetric curve for both the phenols decreased 
from the cement control, although the hydration began at the same time (peak 
maximum at 5 hours) as with cement alone. The total heat output for the phenols 
was lower than the cement control from 4 to 50 hours into the hydration. The 
calcium phenoxide is insoluble in water, but the silicate and aluminate species 
containing phenols (Al-O-Ph and Si-O-Ph) are expected to be water soluble and are 
thus present in the liquid phase of the hydrating cement. The phenol solubilizes the 
silicate and aluminate ions, and increases the calcium ion concentrations in the liquid 
phase, in contrast to the cement control. This in turn prevents further grain 
dissolution and a period of relative dormancy is observed from 4 to 24 hours for both 
the phenols. The degree of silicate hydration shows an extended dormant period from 
4 hours to 3 days, but is retarded compared to the cement control from 16 hours to 
28 days. The dormant period is due to the very slow dissolution of the cement 
grains, caused by the high concentrations of calcium ions in the liquid phase bonded 
to silicate and aluminate species containing phenols. Supersaturation of calcium and 
hydroxide ions occurs after 3 days, followed by the nucleation of calcium hydroxide. 
But, the redissolution of the cement grain that occurs soon after the precipitation of 
calcium hydroxide is presumably hindered by the presence of calcium phenoxide salt 
which deposits on the surface of the cement grains and acts as a diffusion barrier. 
As a result, the degree of hydration is retarded compared to the control even after 
28 days. The hydration is more diffusion controlled compared to the cement alone. 
The presence of Al[4] even after 3 days is probably due to the diffusion barrier of 
the phenoxide.
pBP retards the silicate hydration more than pCP because the large size of pBP 
limits the amount of pBP that can be contained in the silicate and aluminate hydrates, 
and therefore pBP forms more calcium phenoxide. There is evidence from EPMA and
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XRD studies that calcium p-bromophenoxide forms separate phases in the cement.
In summary, phenols accelerate the onset of the hydration reactions but retard 
the total degree of hydration compared to the cement alone.
LONG TERM  EFFECTS OF ORGANICS ON CEMENT HYDRATION
The major changes in cement microstructure are known to occur by 28 days into 
the hydration. Figure 14.8 shows the comparison of the 29Si NMR spectra of cement 
alone (w/c = 0.4) with 10% EG, 10% pCP and 10% pBP between one and two years. 
The plot of Si atom percent vs time (Figure 14.9) shows that changes in the silicate 
structures continue to take place between one and two years. A slight increase in 
Q 1 unit at the expense of both Q° and Q2  units was observed between one and two 
years, in the case of cement alone.
EG showed more profound effects during this time period. Q2  is the major 
component of the mature cement matrix containing 10% EG after a year. Although, 
Q2  unit is the major component of the mature cement matrix containing 10% EG 
(between 28 days and a year) after two years a significant increase in Q1 at the 
expense of mainly Q2  occurs, and the matrix has more polymerized silicate units 
compared to the cement control. Q 1 becomes the major component of the cement 
matrix after two years. The results indicate the need to monitor the cement 
hydration at longer curing times in the presence of wastes, in order to develop 
longterm predictive models for waste containment.
The degree of silicate hydration in the presence of 10% pCP and cement alone 
are essentially the same between one and two years.
Figure 14.8. Si NMR spectra as a function of dree for cement/water pastes, 
cement/water/EG pastes, cement/water/pCP pastes and cement/water/pBP pastes.
(from left to right).
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EFFECT OF pCP + SODIUM SILICATE ON CEMENT HYDRATION
29Si and 27Al spectra for a combination of pCP (10%) and silicate additive (5%) 
(Figure 15.1) appears very similar to that of cement alone. The Si NMR data (Figure 
15.2) shows a gradual growth of Q 1 and Q2  units at the expense of Q° from 4 hours 
to 3 days. A significant increase in the proportions of Q 1 and Q2  units at the 
expense of Q° occurs at later stages (7 to 28 days). The mature cement matrix shows 
more Q2  units compared to the cement control.
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Figure 15.1. 29Si (left) and 27Al (right) NMR spectra as a function of time for27
cement/water/pCP/silicate pastes.
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The degree of silicate hydration for the combination of pCP (10%) and silicate 
(5%) are compared with pCP alone, and silicate additions alone in Figure 15.3. The 
figure shows a retardation during early stages (4 to 24 hours) for the combined 
additions compared to either pCP or silicate alone . But, at later stages the degree of 
hydration is intermediate between that observed for pCP and silicate alone.
The aluminate hydration (Figure 15.4) is slightly retarded compared to cement 
alone or pCP or silicate alone. The degree of hydration for the combination of pCP 
and silicate appears to be a balance between acceleration due to the presence of 
silicate and retardation caused by pCP.
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MECHANISM OF INTERACTION OF pCP AND SILICATE WITH THE
CEMENT MATRIX 
The combination of 10% pCP and 5% silicate retarded both silicate and aluminate 
hydrations at early stages compared to either pCP or silicate. The extra base from 
the silicate and the OH group of the phenol react to form the calcium phenoxide. 
The dissolution of the cement grain is retarded because of the excess base in the 
liquid phase. At the same time calcium hydroxide precipitation does not occur 
because calcium is used up in the formation of the phenoxide. Therefore, the degree 
of hydration is retarded compared to either pCP or silicate. The degree of hydration 
increases steadily from 8  hours to 3 days, in contrast to pCP or silicate additions 
alone where the hydration reactions are dormant between 8  to 24 hours. pCP may 
react with the added silicate to form Si(OPh)4. A 29Si solution NMR spectrum of pCP 
mixed with silicate and water (in the same proportions used in the cement mix) 
showed a single peak at -106 ppm. The mixture was a white semisolid after a few 
hours and it may be due to the formation of Si(OPh)4. Formation of soild Si(OPh) 4  
removes the silicate from the liquid phase and the redissolution of the grain occurs 
and the hydration reactions continue to take place. At later stages, polymerization of 
the silicate anions in the matrix is enhanced by the presence of silicate.
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EFFECT OF CADMIUM HYDROXIDE ON CEMENT HYDRATION
Figure 16.1 shows the effect of cadmium hydroxide on silicate and aluminate 
hydrations. The Si spectrum reveals an early growth of Q 1 and Q2  units at 4 hours. 
The plot of Si atom data vs time for Cd(OH) 2  (Figure 16.2) reveals an acceleration in 
hydration at 4 hours (Q° = 70%) compared to the cement alone (Q° ~ 80%). The early 
acceleration is followed by retardation at 8  hours. And it appears that the initially 
formed Q 1 and Q2  units breakdown into Q° units at 8  hours. After a brief 
retardation period, the hydration is reinitiated, and after 16 hours there is significant 
decrease in the Q° units. A period of relative dormancy was observed from 24 hours 
to 7 days, but by 28 days the relative proportions of Q° , Q 1 and Q2  were similar to 
those observed for cement alone.
The hydration of the aluminate phase (Figure 16.3) proceeds at the same rate as 
for cement alone.
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Figure 16.1. 29Si (left) and 2 7 A1 (right) NMR spectra as a function of time for
cement/water/cadmium hydroxide pastes.
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MECHANISM OF INTERACTION OF Cd(OH ) 2  WITH THE CEMENT MATRIX
Cd(OH) 2  is not amphoteric and in the highly basic medium of the cement paste 
is not expected to react with the components of the matrix or change its form under 
the cementing conditions.
The first exotherm in the calorimetric curve for 10% Cd(OH) 2  looked very much 
like that of the control, revealing that the initial dissolution of the various ions into 
the liquid phase of the cement occurs at the same rate as that of the cement alone. 
10% Cd(OH) 2  had an accelerating effect on the second exotherm, and the second peak 
appeared slightly earlier than for the control, revealing the formation of C-S-H gel at 
earlier times.
Ca2+ ions in the liquid phase of the hydrating cement could substitute for Cd2+ 
in solid Cd(OH) 2  because the ionic radii for the divalent ions are nearly the same 
(0.95 A° for Cd2+ and 0.97 A 0 for Ca2+) and enhance the grain dissolution which 
causes the early acceleration period. The substitutions of the calcium and cadmium 
ions are slow because cadmium is insoluble in the cement system. These substitutions 
are expected to occur only to a small extent. The silicate hydrate containing Cd2+ 
and Ca2+ may be a disorganized structure and can breakdown to form Q° units and 
hence retard the hydration after 8  hours. The period of relative dormancy from 24 
hours to 7 days may be due to slow substitutions of Ca2+ for Cd2+ which keeps the 
Ca2+ in the liquid phase for a long time. However, Cd(OH) 2  can act as a nucleation 
site for the precipitation of Ca(OH) 2  and the process reinitiates the cement grain 
dissolution. The degree of silicate hydration catches up with the cement alone after 
28 days. Acid leaching studies by Herrera (1988), have found cadmium to be well 
contained in the cement pastes.
Cd(OH) 2  does not have a major effect on the overall kinetics of cement 
hydration and is simply physically trapped in the cement matrix.
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EFFECT OF CADMIUM NITRATE ON CEMENT HYDRATION
In contrast to Cd(OH)2, where the Cd2+ is insoluble in water, water-soluble 
cadmium nitrate was added to cement to study the effect of soluble Cd2+ on cement 
hydration. 29Si and 2 7 A1 spectra as a function of time reveal acceleration in both 
silicate and aluminate hydration as shown in Figure 17.1. Si atom percent data for 
20% Cd(N03 ) 2  as a function of time (Figure 17.2) shows similar trend in the behavior 
of Q° (an increase in the proportion of Q° from 4 hours to 8  hours), as observed in 
the case of cement containing 10% cadmium hydroxide. The data reveals a significant 
acceleration in the growth of Q2  units, and also shows the presence of Q3  units by 
28 days.
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Figure 17.1. 29Si (left) and Z7 A1 (right) NMR spectra as a function of time for27
cement/water/cadmium nitrate pastes.
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Comparison of percent silicate hydration for cement containing Cd(N03)2, 
Cd(OH) 2  and cement alone (Figure 17.3) reveals an acceleration at 4 hours followed 
by retardation at 8  hours for both Cd(N03 ) 2  and Cd(OH) 2  samples. The degree of 
hydration for Cd(N03 ) 2  was retarded compared to both Cd(OH) 2  and cement alone 
between 8  hours to 24 hours into the hydration. But at later stages (3 days to 7 
days) the silicate hydration was accelerated in the presence of Cd(N03)2.
The more surprising observation was the effect of Cd(N03 ) 2  on aluminate 
hydration as shown in Figure 17.4. A1 atom percent data shows a significant decrease 
in Al[4] after only 4 hours in the presence of Cd(NQ3)2.
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MECHANISM OF INTERACTION OF Cd(N 0 3 ) 2  WITH THE CEMENT MATRIX
In the first two minutes of the hydration, the 20% Cd(N03 ) 2  sample behaved 
very much like the 10% Cd(OH) 2  sample and the cement control in the calorimetric 
measurements. A new peak appeared in the calorimetric curve after 9 minutes and 
the total heat output after 30 minutes was more than triple the values for 10% 
Cd(OH) 2  or cement control. A reasonable explanation is that Cd(N03 ) 2  when mixed 
with cement and water is partially converted to Cd(OH) 2  and a series of compounds 
with variable compositions of nitrate and hydroxide attached to the cadmium. The 
effect on early silicate hydration appears to be very similar to the effect of Cd(OH) 2  
on cement. The increase in the total heat output (after 30 minutes) can be correlated 
with the significant acceleration in the aluminate hydration observed after only 4 
hours.
Cadmium nitrate shifted the second exotherm from 5 hours in the control to 3 
hours revealing the early formation of C-S-H gel. There was no change in the peak 
height of the second exotherm in the presence of cadmium nitrate. Calorimetry 
showed a period of retardation between 4 and 18 hours. The total heat output for 
cadmium nitrate was below that of the cadmium hydroxide and the control between 4 
to 1 2  hours but approached the cement control values between 16 to 18 hours. 
Degree of silicate hydration was retarded compared to both cadmium hydroxide and 
cement control from 8  hours to 24 hours. The substitution of Cd2+ for Ca2+ in the 
silicate and aluminate hydrates is expected to occur faster with Cd(N03 ) 2  than 
Cd(OH) 2  because of the soluble Cd2+ ion. As a result, more Ca2+ is released into the 
liquid phase of the hydrating cement and retards further dissolution of the cement 
grain compared to the cement alone or cadmium hydroxide during the early stages.
The rapid exchange of cadmium ions for calcium presumably solubilizes the silicate 
anions and more calcium hydroxide precipitates out at later stages. Acid leaching
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studies by Herrera (1988), have shown cadmium to be well contained in the cement 
matrix.
In summary, cadmium ions are effectively immobilized by the cement matrix 
irrespective of water solubility of the cadmium salt being solidified. The soluble 
cadmium ions in the cadmium nitrate are eventually converted to insoluble cadmium 
hydroxide. Physical entrapment is the mechanism operative in the presence of 
cadmium ions.
EFFECT OF CADMIUM HYDROXIDE + SODIUM SILICATE ON 
CEMENT HYDRATION
The effect of the combination of 10% Cd(OH) 2  along with 5% sodium silicate on 
the 29Si and 2 7 A1 NMR spectra as a function of time are shown in Figure 18.1. The 
spectra reveal an early retardation of both silicate and aluminate hydration. Si atom 
percent data vs time (Figure 18.2) shows only Q° units at 4 hours, followed by a 
gradual growth of Q1 units. The proportion of Q2  units remains constant from 16 
hours to 28 days. In contrast to the silicate alone, the mature cement matrix is not 
characterized by chain-branched or cross-linked silicate units.
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Figure 18.1. 29Si (left) and 2 7 A1 (right) NMR spectra as a function of time for27
cement/water/cadmium hydroxide/silicate pastes. 
s iL ic m - * 9  / u s A L U M IM U t-e?  M A S
N / c / c d n m s / t y k  n sodium s i l i c a t e  •  o .s /i.o /o .i/e .o s  i n /c /m (q h i* /ty p * -*  sodium s i l i c a t e  •  o.a/i.o /o .i/o .oa  )
I
26 DAYS
A
3 DAYS
li
. U HOURS I \
K v V V
I
16 HOURS I \
U / w v W  \-AASJ'\->Vy
-60
S i DAYS
7 DAYS
* 0AY6
*-r»
160
T Ttoo -so -too
Figure 18.2
Si-29 NMR DATA 
W/C/Cd(OH) J  SODIUM SILICATE = 0.5/1.0/0.1/0.05
CURVE FITTING
100 0(0)
0 (1)
0 (2)
1 10 100 1000 
TIME ( HOURS)
WINDOW INTEGRATION
100
m
Qd)
0 (2)
H
Z
Ed
£
E
S
O
H
<
Q    » i -»  i  u  m l  i.  i  » » i  i 1 1 1 1 j  i  i  m i
1 10 100 1000 
TIME (HOURS)
143
Degree of silicate hydration of 5% silicate alone, 10% Cd(OH) 2  alone and their 
combination are compared in Figure 18.3. The early stages of hydration for the 
combination were retarded, but at later stages (3 days to 28 days) the degree of 
hydration was greately accelerated and approached the percent hydration in the 
presence of silicate alone. A1 percent data (Figure 18.4) for the combination shows 
retardation in the aluminate hydration compared to the cement control or silicate or 
cadmium hydroxide.
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MECHANISM OF INTERACTION OF Cd(OH ) 2  + SODIUM SILICATE WITH THE
CEMENT MATRIX
The combination of 10% cadmium hydroxide and 5% sodium silicate retarded both 
the silicate and aluminate hydration at early hydration periods (4 to 24 hours) 
compared to cadmium hydroxide or sodium silicate. The presence of only Q° units 
after 4 hours and an increase in the proportion of Al[4] compared to the cement 
control indicates that the combination of cadmium hydroxide and silicate retards the 
dissolution of the cement grain by preventing the attack of water on the grain or 
retards further hydration of the orthosilicate ions and the tetrahedral aluminate ions 
in the liquid phase. The former seems less likely because calorimetry shows the first 
exotherm characteristic of the dissolution of the grain. The silicate from solution 
may be adsorbed onto the solid cadmium hydroxide and forms a surface layer which 
retards the hydration reactions. This is a speculative suggestion, but since Cd(OH) 2  
is largely inert during cement hydration, yet has an effect when silicate is added, a 
mechanism involving interactions between Cd(OH) 2  and silicate seems most plausible.
As hydration proceeds, water can depolymerize some of the silicate units and free the 
cadmium hydroxide from the silicate units. The presence of silicates in the liquid 
phase precipitates the calcium hydroxide. As a result, there is renewed hydration 
which starts at 16 hours and proceeds at a pace similar to that in the presence of 
sodium silicate solution, and by 28 days the degree of hydration for sodium silicate 
and the combination of cadmium hydroxide and silicate is the same. The results 
indicate that the combination of 10% cadmium hydroxide and 5% sodium silicate delays 
the formation of C-S-H gel compared to the cement control.
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EFFECT OF Cd(OH ) 2  AND pCP ON CEMENT HYDRATION
Mechanisms of hydration for mixed wastes containing both the inorganics and 
organics can provide information to develop models for containment of wastes. Figure 
19.1 shows the 29Si and 2 7 A1 spectra for the combination of 10% Cd(OH) 2  and 10% 
pCP. A1 spectra show retardation in the aluminate hydration for the combination of 
pCP and Cd(OH)2. Analysis of Si spectra as a function of time (Figure 19.2) reveals a 
dormant period in the early stages of cement hydration (4 to 16 hours) followed by a 
gradual growth of Q 1 and Q2  units.
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Figure 19.1. 29Si (left) and 2 7 A1 (right) NMR spectra as a function of time for27
cement/water/cadmium hydroxide/pCP pastes.
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Comparison of degree of hydration for 10% Cd(OH)2, 10% pCP and their 
combination as shown in Figure 19.3 shows severe retardation in the early stages for 
the combination compared to either Cd(OH) 2  or pCP alone but at later stages the rate 
of hydration catches up with pCP, and by 28 days the hydration has proceeded to a 
rate similar to the effect of Cd(OH)2. A1 atom percent data (Figure 19.4) shows the 
same proportion of Al[4] as in cement alone or Cd(OH) 2  during the early stages (4 
hours). A period of relative dormancy was observed between 4 to 7 days. A 
surprising observation was the presence of Al[4] even after 7 days into the hydration.
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MECHANISM OF INTERACTION OF Cd(OH ) 2  AND pCP WITH THE
CEMENT MATRIX 
The combination of 10% cadmium hydroxide and 10% pCP retards the degree of 
both silicate and aluminate hydration because pCP can form cadmium phenoxide in 
addition to calcium phenoxide. The cadmium and calcium phenoxides may be present 
on the surface of the grain and act as diffusion barriers to further hydration. As a 
result, the grain dissolution is slow and hence the observed retardation in the degree 
of hydration compared to cadmium hydroxide alone or pCP alone. The period of 
relative dormancy observed in both silicate hydration and aluminate hydration is 
attributed to the slow release of the calcium ion concentrations from the slow 
dissolution of the cement grains. After 16 hours, there is renewed silicate hydration 
caused by the precipitation of calcium hydroxide.
The onset of the formation of C-S-H gel coincides with the cement control but 
further hydration proceeds slowly until 3 days. By 28 days, degree of hydration is 
similar to the cement control. The presence of Al[4], even after 7 days may be due 
to the diffusion barrier caused by the cadmium and calcium phenoxides deposited on 
the surface of the cement grain.
EFFECT OF Cd(OH ) 2  AND pBP ON CEMENT HYDRATION
29Si and 2 7 A1 spectra for the combination of 10% Cd(OH) 2  and 10% pBP are 
shown in Figure 19.5. A1 spectra show that the combination retards the aluminate 
hydration. Si atom percent data (Figure 19.6) shows a similar trend in the behavior 
of Q° units (an increase in the proportion from 4 to 8  hours), as observed in the case 
of cadmium hydroxide alone. The retardation is followed by gradual growth of Q 1 and 
Q2  units. The Q 1 unit rises rapidly from 7 days to 28 days.
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Figure 19.5. 29Si (left) and 2 7 A1 (right) NMR spectra as a function of rime, for
cement/water/cadmium hydroxide/pBP pastes.
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The degree of hydration for 10% Cd(OH)2, 10% pBP and their combination is 
compared in Figure 19.7. The plot reveals early retardation for the combination of 
Cd(OH) 2  and pBP but by 28 days the degree of hydration was greatly enhanced 
compared to either Cd(OH) 2  or pBP alone.
A1 atom percent data (Figure 19.8) shows a period of relative dormancy from 4 
hours to 7 days. The combination of cadmium hydroxide and pBP retards the 
aluminate hydration. The A1NMR data shows the presence of Al[4] even after 7 days 
as observed for the combination of cadmium hydroxide and pCP.
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MECHANISM OF INTERACTION OF Cd(OH ) 2  AND pBP WITH THE
CEMENT MATRIX
The mechanism of interaction for the combination of Cd(OH) 2  and pBP is the 
same as that described for the combination of Cd(OH) 2  and pCP. But the degree of 
silicate hydration, after 28 days for the combination of cadmium hydroxide and pBP 
was greatly enhanced compared to cadmium hydroxide or pBP alone or the combination 
of cadmium hydroxide and pCP.
EFFECT OF LEAD HYDROXIDE ON CEMENT HYDRATION
Lead salts are well known to retard cement hydration but the effect of lead on 
silicate and aluminate hydration is not known. Figure 20.1 shows the 29Si and 2 7 A1 
spectra for 10% Pb(OH)2. The Si spectra show only monomeric silicate Q° units until 
3 days, Q 1 units appear only after 7 days into the hydration, but by 28 days the 
spectrum looks very much like that of cement alone. The Al[4] peak is present even 
after 7 days. Figure 20.2 shows the Si atom percent as a function of time in the 
presence of Pb(QH)2. The analyzed data shows the presence of Q 1 and Q2  units after 
16 hours. After 16 hours, the plot shows a dormant period up to 3 days, and there 
are no Q2  units during this period. By 3 days, Q 1 units grow significantly and after 
28 days the proportion of Q 1 is the same as at 7 days and the matrix has Q2  units.
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Figure 20.1. 29Si (left) and 2 7 A1 (right) NMR spectra as a function of time for 
cement/water/lead hydroxide pastes.
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Comparison of the percent hydration of 10% Pb(OH) 2  and cement alone (Figure 
20.3) shows a severe retardation up to 7 days in presence of 10% Pb(OH)2. By 28 
days hydration proceeds to the same extent as cement alone.
Figure 20.4 shows the plot of A1 atom percent vs time in the presence of 10% 
Pb(OH)2. The proportion of Al[4] at 4 hours is higher than the cement alone and 
similar to the clinker. The proportion of tetrahedral A1 in 10% lead hydroxide was 
higher than cement alone upto 7 days. Figure 20.4 also reveals a period of relative 
dormancy in aluminate hydration from 4 hours to 3 days, and a significant proportion 
of Al[4] decreases only after 7 days.
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MECHANISM OF INTERACTION OF LEAD HYDROXIDE WITH THE
CEMENT MATRIX
A plausible mechanism for the dramatic effect of Pb(OH) 2  on cement hydration is 
as follows:
Pb(OH ) 2  is amphoteric in nature and in the highly alkaline medium of the cement 
can be readily converted to trihydroxyplumbate [Pb(OH)3]‘, or tetrahydroxyplumbate 
[Pb(OH)4]2\
The highly depressed first exotherm in the calorimetric curve for 10% lead 
hydroxide suggests very slow dissolution of the cement grains. 29Si and 2 7 A1 NMR 
confirm the severe retardation of silicate and aluminate hydration. Small proportions 
of Q 1 and Q2  units were observed after 16 hours (29Si NMR). *H NMR relaxation 
time measurements (Yang, 1988) detected the presence of C-S-H gel in 10% lead 
hydroxide 16 hours into the hydration. The results from NMR studies show the onset 
of C-S-H gel formation after 16 hours. Calorimetry and NMR (29Si and 2 7 Al) results 
show a long induction period from 16 hours to 3 days. The dramatic extension of the 
induction period may be due to the presence of calcium plumbate in the liquid phase 
of the hydrating cement. The formation of plumbate ions depletes the hydroxide ion 
concentrations in the liquid phase and delays the formation of Ca(OH)2. The calcium 
ions present in the liquid phase retard the dissolution of the cement grains. By 7 
days, calcium hydroxide starts to precipitate out of the solution, thus reinitiating the 
grain dissolution. After 28 days, the degree of hydration of 10% lead hydroxide and 
the cement control are essentially the same. Acid leaching studies by Herrera, (1988) 
showed ready leachability of lead from the cement matrix. This is due to the high 
solubility of calcium plumbate in water.
In summary, lead hydroxide forms calcium plumbates in the cement, and the 
hydration reactions are severely retarded up to 3 days, and lead is not immobilized in
the cement matrix.
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CHAPTER 10 
CONCLUSIONS AND RECOMMENDATIONS
This chapter summarizes the conclusions reached in the study and gives 
recommendations for further research based on the information gained in this work. 
Several new conclusions with respect to the cementing reactions in the presence of 
organic and inorganic wastes have arisen from the present study. The succeeding 
paragraphs will summarize the information obtained for various cement/waste, 
cement/silicate and cement/waste/silicate systems.
Cement clinker
Solid state 29Si and 2 7 A1 NMR show a large variation in the proportion of 
aluminate phases compared to silicate phases for different batches of Type I Portland 
cement. Partial hydration of aluminate phases seems inevitable in the cement clinker. 
Cement hydration
29Si NMR of cement (water/cement = 0.5) shows Q 1 unit to be the major 
component of the cement matrix after 28 days. Q2  reaches a maximum after 3 days 
and falls off before it reaches a steady state. Significant proportions of the 
orthosilicate units are present in the matrix even after two years. Aluminate 
hydration proceeds by conversion of aluminum from tetrahedral to octahedral 
coordination via intermediate Al-O-Si bonds in which A1 is present as Al[4].
Silicate-Cement system
Sodium silicate accelerates the setting of cement. The silicate and aluminate 
hydrations are greatly accelerated in the presence of silicate. The basic cement 
hydration reactions take place at an earlier period than with the cement control. 
The cement matrix in the presence of silicate shows the presence of branched and 
cross linked silicate units and substantially differs from the cement control.
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EG-Cement system
EG retards the setting of cement and at concentrations of 1:5 EG/cement and 
greater, the samples do not effectively set even at 28 days or longer. EG is present 
in at least three different environments. The OH groups in EG are replaced by OM 
(in which M is Si, A1 or Ca) and a small percentage is irreversibly bound to calcium 
possibly as a chelated complex. The same basic reaction chemistry takes place in the 
presence of EG. SEM/EDX analysis is able to identify phases apparently identical to 
the hydrated cement alone. The principal effect of EG on the microstructure of 
cement involves the C-S-H gel phase. EG also appears to adsorb on to the calcium 
hydroxide crystals. Overall crystallinity of the matrix is diminished with increasing 
EG concentrations, particularly above about 10% by weight. 10% EG accelerates the 
onset of silicate and aluminate hydrations after 4 hours compared to cement alone. 
The degree of silicate and aluminate hydrations are retarded from 16 hours to 7 days 
compared to the cement alone. However, the degree of silicate hydration is enhanced 
after 28 days compared to the cement control. The Q2  unit is the main silicate 
component of the cement matrix after 28 days. The degree of silicate hydration for 
10% EG (W/C = 0.4) and cement alone (W/C = 0.4) is essentially the same after a 
year, but the major component of the matrix is Q2  instead of Q1. However, by two 
years Q 1 is the major component as in the case of cement alone. EG is not 
"stabilized" to a significant degree, and its effect on the cement matrix is large 
enough to substantially affect the solidification process, even at low concentrations 
(2%). EG appears to solubilize the silicate and aluminate hydrates in the cement.
pBP/Cement
pBP retards the cement set but not to the same extent that EG does. pBP is 
converted to the calcium phenoxide under the conditions of setting cement. In the
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hardened mixture EPMA shows inhomogeneous distribution of Br at the 10 micrometer 
level. There are distinct Br-rich phases, presumably the calcium salt. XRD shows 
new peaks, probably the calcium salt of pBP because the XRD peaks of the calcium 
salt of pBP coincide with the new peaks. XRD also shows significantly decreased 
crystallinity and a decrease in the formation of calcium hydroxide with increasing pBP 
concentrations, particularly above 10% pBP by weight. In addition to the calcium salt, 
we propose that covalent bonding of the OH group of pBP with the aluminates and 
silicates results in the formation of Al-O-Ar and Si-O-Ar bonds (Ar = g-bromophenyl). 
pBP accelerates the onset of silicate and aluminate hydrations. The degree of silicate 
hydration is retarded from 16 hours to 28 days compared to cement alone.
After one year, the degree of hydration of 10% pBP (water/cement = 0.4) and cement 
alone (water/cement = 0.4) are essentially the same. The basic cement hydration 
reactions take place at later stages compared to the cement alone. Percent recovery 
for 10% pBP sample in water extraction varies between 45 and 55% over the period 
from 12 hours to 90 days, but drops to a low of 9% at one year. Effective 
immobilization of pBP is not achieved at any concentration or any time of cure.
pCP-Cement
pCP retards the cement set more than pBP but less than EG. The same basic 
reaction chemistry goes on during cement hydration in the presence of pCP and pBP. 
SEM shows significant morphological differences compared to the cement pastes. 
EDXA shows homogeneous distribution of Cl at the 10 micrometer level. It is not 
found in a separate phase as pBP is. pCP accelerates the onset of silicate and 
aluminate hydrations as pBP does. The degree of silicate hydration (from 16 hours to 
28 days) is slightly enhanced compared to pBP, but less than cement alone. The 
degree of silicate hydration in 10% pCP (Water/Cement = 0.4) and cement alone
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(Water/Cement = 0.4) between one and two years is essentially the same. Percent 
recovery for 10% pCP sample in water extraction decreases from 93% (12h) to 60% 
(90d). There is no effective immobilization at any concentration or time of cure. 
Both pCP and pBP appear to solubilize the silicate and aluminate hydrates in the 
cement.
pCP-Siticate-Cement
The combination of 10% pCP and 5% sodium silicate accelerates the onset of 
silicate hydration compared to the cement alone. The combination of pCP and silicate 
retards the degree of hydration during the early stages (up to 24 hours) compared to 
pCP or silicate alone but at later stages (24 h to 28 days) it is intermediate between 
that observed for pCP and silicate alone. In the presence of silicate, pCP may form 
Si(OPh) 4  in addition to the calcium phenoxide.
Cadmium hydroxide-Cement
Cadmium hydroxide slightly enhances the degree of hydration at 4 hours 
compared to cement alone. Overall cement hydration reactions are not affected by 
cadmium hydroxide. Cadmium hydroxide presumably acts as a nucleation site for 
calcium hydroxide precipitation because of the similarities in size of the cadmium and 
calcium ions. The substitution of cadmium for calcium occurs very slowly because of 
the insolubility of cadmium hydroxide in the alkaline medium of the cement. Cadmium 
ions are effectively immobilized by physical entrapment in the cement matrix.
Cadmium nitrate-Cement
Cadmium nitrate is converted to cadmium hydroxide in the cement paste. 
Cadmium nitrate retards the degree of silicate hydration during early stages (4 to 24
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hours) compared to cadmium hydroxide or cement alone. But at later stages (3 to 7 
days), cadmium nitrate enhances the degree of silicate hydration compared to cadmium 
hydroxide or cement alone. Cadmium nitrate greatly accelerates the aluminate 
hydration. Cadmium ions are effectively immobilized by physical entrapment in the 
cement matrix.
Cadmium hydroxide-Silieate-Cement
The degree of silicate and aluminate hydration for the combination of 10% 
cadmium hydroxide and 5% sodium silicate, is retarded during the early hydration 
period (4 to 24 hours) compared to cadmium hydroxide or silicate alone. At later 
stages (3 to 7 days), the degree of hydration is intermediate between that observed 
for cadmium hydroxide and silicate alone.
Cadmium hydroxide-pCP-Cement and Cadmium hydroxide-pBP-Cement
The degree of silicate and aluminate hydrations for the combinations of 10% 
cadmium hydroxide and 10% pBP, and 10% cadmium hydroxide and 10% pCP are 
severely retarded compared to either cadmium hydroxide or pCP or pBP alone during 
the early stages of hydration. However, the degree of silicate hydration for both the 
combinations is enhanced at later stages (28 days) compared to either cadmium 
hydroxide or the organics (pBP or pCP). A surprising observation was the presence of 
Al[4] for both the combinations, even after 7 days into the hydration. The cement 
grain dissolution appears to be retarded by the combinations presumably by the 
formation of cadmium phenoxides in addition to calcium phenoxides. The phenoxides 
may deposit on the surface of the cement grains and act as diffusion barriers to 
further hydration.
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Lead hydroxide-Cement
Lead hydroxide is readily converted to trihydroxyplumbate and/or 
tetrahydroxyplumbate ions under the setting conditions of the cement. Both the 
silicate and aluminate hydrations are severely retarded by lead hydroxide until 7 days 
compared to the cement alone. The presence of calcium plumbate in the liquid phase 
of the hydrating cement retards the grain dissolution. Lead is not effectively 
immobilized in the cement matrix.
General conclusions
We have shown for the first time that MAS NMR method can be effectively used 
in the presence of various wastes/additives. There are no other published A1 spectra 
in the area and this is the first careful quantitative analysis of the NMR data. No 
place in the literature do people specify the method used to analyze the NMR spectra. 
The NMR method, in combination with other types of information allows specific 
conclusions about the cement setting reactions in the presence of wastes. The rate 
and the degree of cement hydration from NMR studies correlates well with other 
measurements like calorimetry.
The systems studied in the present work include relatively high concentrations of 
organics, which would be typical of situations in which the organics would constitute 
a large fraction of a waste mixture. An important aspect of the present study 
particularly relevant to solidification practice, is the ability of cementitious matrices 
to immobilize the organics themselves and the effects of organics in altering the 
cement matrix. The present study has demonstrated that cement alone is ineffective 
in immobilizing water soluble organics such as ethylene glycol or phenols. The study 
clearly demonstrates that the combination of metal ions such as cadmium, and pCP or 
pBP alters the structure of the cement matrix and affects the kinetics of cement
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hydration. Further leaching studies of combinations of inorganic sludge and organics 
after solidification with cement need to be carried out in order to correlate the 
changes in the matrix to the performance in immobilization.
Recommendations for Further Research
The next step is to remedy some of the deficiencies of cement fixation matrices 
by appropriate additions to correct for the effects of the organics.
Recommendations based on the present work are:
1. In the case of phenols, add excess lime to the cement so that the phenol stays as 
the calcium salt in the matrix thus reducing the interaction of phenols with the 
silicon and aluminum in the matrix.
2. Characterize the cement matrix with delayed addition of the organics and inorganic 
sludges and correlate to performance in immobilization.
3. For metal ions such as lead, add a calcium chelating agent to irreversibly bind the 
calcium in the matrix. Delayed addition of lead might reduce the formation of water 
soluble calcium plumbates.
4. Conduct experiments to analyze for the ionic concentrations of Si and A1 in the 
liquid phase of hydrating cement in the presence of organic wastes.
5. Conduct MAS NMR experiments at low temperatures in order to observe the 
changes in silicate and aluminate hydrations during very early hydration periods 
(mixing to 4 hours).
6 . Cross-polarization 29Si MAS NMR experiments of the cement samples can 
differentiate the unhydrated (SiO) groups Q° from the SiOH groups (hydrated Q°, Q1, 
etc.). Higher sensitivity of the cross polarization techninique will shorten the signal 
acquisition times in the NMR experiment.
7. Develop NMR experiments to differentiate various octahedral A1 sites in the cement.
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8 . Conduct NMR experiments to measure the diffusion coefficient for water through 
the matrix, in presence of wastes.
9. Conduct ESR (electron spin resonance) experiments with water soluble spin probe to 
determine the rate of dissolution of the cement grains (after mixing) by monitoring 
the mobility of the spin probe in the cement system containing wastes.
10. Finally, NMR imaging of the cement paste can provide more direct evidence for 
the distribution of the organic and/or water in the matrix.
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Table 7.1 182
RECOVERY OF 1-DECANOL FROM CEMENT AS A FUNCTION OF VOLUME OF DCM 
USED FOR EXTRACTION
VOLUME OF DCM 
(ml)
PERCENT RECOVERY OF 1-DECANOL
Run 1 Run 2 Run 3 Avenge
60 16.8 85.8 863
120 89.0 88.8 89.0 88.9
180 89.2 91.1 92.5 90.9
Table 7 2
MULTIPLE EXTRACTIONS OF 1-DECANOL* WITH DCM
EXTRACTION PERCENT RECOVERY
Run 1 Run 2 Run 3 Avenge
1 89.8 89.6 89.9 89.8
2 6.8
00>4r*•4 6.8
3 0 0 0 0
Toul recovery = 96.6 percent
* Weight ratio decanol/cement = 1:10 A wster/cement = 0.4
Table 7.3
RECOVERY OF 1-DECANOL FROM CEMENT AS A FUNCTION OF PARHCAL SIZE*
PERCENT RECOVERY
Run 1 Run 2 Run 3 Avenge
No screening 77.9 80.5 80.1 79.5
(>60 mesh)
60 mesh (33 (4.6 110 853
100 mesh 86.8 85.8 - 163
* Weight ratio decanol/cement = 1:10 A waer/cemeta = 0.4
Volume of DCM tued for extraction * 60 ml 
Curing time = 48 hours
Table 8.1
PERCENT RECOVERY OF EG IN EXTRACTIONS 
WITH VARIOUS SOLVENTS
RATIO* PERCENT RECOVERY
DCM DMSO Dil base** Dil acid***
1:50 3.7 1 2 79 95
1:25 3.4 11 79 89
1:10 6.5 15 89 76
1:5 7.0 43 83 79
1:2 5.1 54 79 79
1:1 4.8 - 84 81
Weight ratio EG/Cement & Water/Cement =
0.4. Curing time = 28days
The water solution was initially 0.05M in 
Na2CO0 and 0.05M NaHCO0
with an initial pH = 9.9 . The pH after 
extraction was 13.
*** The water solution was initially 0.05M in
acetic acid and 0.1 M in sodium acetate, with an
initial pH = 5.0. The pH after extraction was
1 2 .
Table 8.2
ETHYLENE GLYCOL EXTRACTION WITH DCM
RATIO*
12 hours
AMOUNT RECOVERED 
(gms)
PERCENT RECOVERED 
(Averages)
; 24 hours 7 days 28 days 12 hours 24 hours 7 days 28 days
0 .0 0 6 0 .0 1 1 0 .0 1 0 0 .0 0 9 6
1 :50 0 .0 1 3 0 .0 1 1 0.008 0 .0 0 6 8 4 .8 5 .0 4 .5 3 .7
0 .0 1 0 0 .0 0 8 0 .0 0 9 0 .0 0 5 9
0.021 0 .0 1 8 0 .0 1 9 0.014
1 :25 0 .021 0 .0 2 0 0 .0 3 0 0.015 4 .6 5 .0 5 .8 3 .4
0 .0 1 3 0 .0 2 2 0 .0 2 0 0.012
0 .0 6 7 0 .0 4 6 0 .0 5 0 0.072
1 :10 0 .0 6 5 0 .051 0 .0 6 0 0.063 6.1 5.1 5 .7 6 .5
0 .051 0 .0 5 6 0 .0 6 0 0.060
0 .1 1 4 0 .1 1 9 0.129 0.132
1:5 0 .1 1 2 0 .1 1 0 0.120 0.138 6 .2 6 .0 5 .9 7.1
0 .1 4 5 0 .1 2 8 0.104 0.155
———---- o7f?T~ 0 .2 3 4 0T2T3 0.281
1 :2 0 .2 6 8 0 .1 6 2 0 .2 4 3 0.246 4 .6 4 .2 4 .6 5.1
0 .2 4 3 0 .2 2 7 0 .2 2 9 0.243
0 .4 6 2 0 .3 8 5 0 .3 7 4 0.477
1:1 0.361 0 .3 7 3 0 .401 0.485 4.1 3 .7 3 .7 4 .8
0 .4 1 5 0 .361 0 .3 4 0 —
*
Weight ratio EG/Cement & Water/Cement =* 0.4
ITable 8.3
EXTRACTION OF ETHYLENE GLYCOL WITH WATER
RATIO**
12 hours
AMOUNT RECOVERED (qtns) PERCENT RECOVERED
24 hours 7 days 28 days 90 days 12 hours 24 hours 7 days 29 day■ GO doye
0.185 0.151 0.168 0.165 0.138
0.187 0.153 0.169 0.156 0.141
150 0.187 0.154 0.169 0.148 0.142
0.177 0.152 0.165 0.169 0.156* 91 76 83 81 71
0.177 0.151 0.163 0.178 0.149
0.181 0.151 0.161 • 0.143
0.385 0.348 0.290* 0.363 0.286*
0 380 0.359 0.310* 0.350 0.294
1:25 0.382 0.358 0.363 0.348 0.295 95 90 69 89 78
0.391 0.366 0.353 0.355 0.315
0,378 0 365 0.355 0.372 0.315
0.356 0.356 - 0.336 0.302
0.910 0.681 0.811 0.822* 0.737
0.938 0.661 0.799 0.796 0.754
1:10 0.914 0.877 0.624 0.794 0.761
0.900 0.696 0.608 0.779 0.733
0.904 0.872 0.795 0.762 0.769 91 88 80 78 75
0.899 0.880 0.791 0.764 0.753
- - - 0.780 -
* * 0.762 -
- * " 0.772 *
1.731 1.734 1.634 1.680 1.569
1.836 1.728 1.665 1.580 1.580
15 1.746 1.713 1.674 1.610 1.585 80 88  83 81 78
1.725 1.726 1.657 - 1.563
1.744 1.730 1.661 - 1.533
1.732 - 1.676 - -
4.282 4.243 4.115 3.590 3.990
4.340 4.159 4.034 3.940 3.792
12 4.346 4.235 4.146 4.190* 4.052 87 84 82 75 78
4.363 4.229 4.151 3.720 3.908
4.407 4.202 4.124 3.620 3.786
* 4.220 4.144 3.920 3.751
i
8.426 8.203 6.142 7.060* 6.797
7.713 8.296 8.021 6.000 7.249
1:1 7.711 8.087 7.951 7.310 6.510 61 92 80 78 70
8.235 8.394 7.772 7.850 6.868
8.274 6.299 7.970 7.840 8.702
8.357 8.127 8.044 ' 7 235
* outlying valua not Indudod In H i* avangad numbare
• •
Weight ratio EG/Catnenl a  Watar/Camanl ■ 0.4
Table 8.4
EXTRACTION OF ETHYLENE GLYCOL WITH DMSO
RATIO**
12 hours 24 hours
AMOUNT RECOVERED (0ms) 
7 days 26 days 90 dsys 365 days 12 hours 24
PERCENT RECOVERED 
hours 7 dsys 26 days 90 days 365 days
0 .115 - 0 .014 0.008 0.015 -
0.110 0.067 0.016 0.009 0 .015 .
150 0.114 0.066 0.016 0.009 0 .010 0.012 57 32 7 .6  4 .2 6.7 4 .0
0 .116 0.065 0.014 0.009 0.010 0.007
0.123 0.057 0.014 0.006 0.010 0.005
0.111 • 0.015 0.007 0.066 *
0.270 0.160 0.039 0.042 0.024
0.260 0.179 0.032 0.041 0.024 -
135 0.270 0.173 0.033 0.041 0.025 0.018 67 44 6.9 11 6 .3 4 .5
0 .256 0.175 0.035 0.054 0.025 •
0 .269 0.179 0.039 0.042 0.026 .
0.261 0.173 0 .033 0.049 0.026 •
0 .906 0.730 0.282 0.200 0.180 0.156
0 .079 0.727 0.260 0.192 0 .176 0.143
1:10 0.902 0.736 0.296 0.207 0.210 0.162 00 74 28  19 19 IS
0 .690 0.736 0.270 0.190 0.168 -
0.694 0.739 0.260 0.163 0.196 -
0.907 0.746 0 .306 0.186 0.206 *
1.716 1.654 1.629 0.902 0.723 -
1.705 1.690 1.621 0.675 0.714 0.629
1 5 1.691 1.636 1.601 0.834 0 .637* 0.615 85 84 8 0  42 36 31
1.707 1.656 1.560 0.803 0 .717 0.628
1.702 1.699 1.032 0.794 0.688 -
1.703 1.664 1.566 * 0.733 ■
4.527 4.450 4.126 2.393 2.326
4.527 4.431 4.068 2.465 2.559
1 3 4 .477 4.361 4.106 2.217 2.470 - 91 98 82 47 49 -
4.541 4.410 4.096 2.369 2.615
4.677 4.376 4.066 2.287 2.505
4.566 4.366 * * 2.350
9.125 - 8.121 6.974 5.487 2 yrnan 2-y f l ta
0.054 6.929 8.301 7.076 5.603
1:1 6.741 9.131 7.972 6.800 5.583 5.531 90 DO 81 69 56 55
6.964 8.660 6.161 6.914 5.633
9.081 - 8 .015 6.982 5.630
9.175 • 7.753 6.799 *
* outlying values not Included hi averaged numbers
Weight ratio EG/CametS & WsMr/Cement ■ 0.4
Table 8.5
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MULTIPLE EXTRACTIONS OF EG* WITH 
WATER AND DMSO
EXTRACTION No. PERCENT RECOVERY** 
Water DMSO
1 8 8 1 2
2 5.2 1 .8
3 0.53 0.4
4 0.16 -
5 0.13 -
TOTAL 94.2 14.2
Weight ratio EG/Cement = 0.04 & Water/cement = 0.4
★ *
Expressed as percent of the original amount of EG 
in the sample
I ABIE 9
e x tr a c t io n  of EG from I f . / HI C o n ta in ing  O rganosilanes*
C uring Tine -  7 Oays
Amount o f EG
Grams o f  Recovered in Grams EG P ercen t Recovery 
Si l a n e ----------------------------------------------------------------------
O rg an o silan es S o lu b i l i ty  & S e tt in g in  EG/10 W ater DMSO W ater DMSO
None -
0.811 
0.799 
0 .824 
0 .808  
0. 79b 
0.791
0.282
0 .280
0 .296
0 .270
0 .260
0 .306
80 28
3-Cli 1 nrii(irn|iy 1 t r  im ethoxys 11 ane In s o lu b le  in  EG, H.O 
S o lub le  in  DMSO 
1 gram in  EG/10 
s o l i d i f i e s  q u ic k ly  
d u rin g  m ixiny 
0 .1  gram in  FG/10 is  
n o n - s o l id i f ie d
1.(100
1.000
1.000
0 . 9b l 
0 .966 
0.947
0 .985
0 .959
0 .960
95 97
0 .100  
0 . 100 
0. 100
0.847 
0 .849  
0.822
0.453
0.431
0 .405
84 43
I ? - (3 ,4  -1poxycyclohexy1)e th y 1] t r  im ethoxys1 lane In s o lu b le  in  EG, 11.0 
S o lub le  in  DMSO 
1 gram in EG/10 
s o l i d i f i e s  q u ick ly  
d u rin g  m ixiny 
0 .1  gram in  EG/10 is  
n o n - s o l id i f ie d
1.000
1.000
1.000
0.994
0.992
0 .988
0 .970
0 .998
0.991
99 99
0. 100 
0 .100  
0 .100
0 .882
0 .8 /8
0.867
0 .508
0 .476
0 .478
88 49
( y-G lyr idoxypropy1) t r  im ethoxysilane In s o lu b le  in  EG, 11.0 
S o lu b le  in  LG, DMSO 
1 gram and 0 .1  qram 
in  EG/10
a re  n o n - s o l id i f ie d
1.000
1.000
1.000
0 .837
0 .819
0 .830
0 .600
0.627
0 .620
83 62
0.100  
0 .100  
0. 100
0 .882
0 .863
0 .891
0 .756
0.757
0 .782
88 76
Sodium M e th y ls i1ico n a te S o lu b le  in EG, 11.0
and DMSO
1 gram in EG/10
d o e s n 't  s o l id i f y
w h ile  m ixing h u t s o l i d i f i e s
im m ediately a f t e r  c lo s in g  th e  cap.
0 .1  gram in 1G/IO is
non-so l id i f  ieil
1.000
1.000
1.000
0 .873
0 .859
0.865
0 .266
0 .276 87 27
0 .100  
0. 100 
0. 100
0.877
0 .847
0.841
0 .418
0 .428
0 .396
85 41
*W.il i n / ( pBM-nl t 0 .4
Table 10.2
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EXTRACTION OF £-bromophenol 
WITH VARIOUS SOLVENTS
SOLVENT RATIO* PERCENT RECOVERY
7 DAYS 28 DAYS
1:50 0.92 -
DCM 1:25 0.73 -
1 :1 0 0.35 -
1:50 0.43 0 .2 0
DMSO 1:25 0.19 0.07
1 :1 0 0 .2 2 0.28
CHLOROFORM 1 :1 0 1.09 -
ISOPROPANOL 1 :1 0 0.77 -
TETRAHYDROFURAN 1 :1 0 4.9 -
1,4-DIOXANE 1 :1 0 3.8 -
Weight ratio pBP/Cement & Water/Cement = 0.4
TABLE 10.3
para-Bromophenol Extrac tion  with Water
Amount o f  pBP Recovered in  Grams pBP P e rc e n t R ecovery
R a tio #< 12 Hours 24 Hours 7 Days 2B Days 90 Days 364 Oays 12 Hours 24 Hours 7 Days 28 Days 90 Days 364 Days
0.123 0 .096 0 . 142# 0 .055 0 . 1414 0 . 077*
0.127 0.102 0.119 0.055 0.103 0.074
1:50 0 .1434 0 .102 0 .116 0 .054 0 .105 0 .070 64 49 57 26 49 34
0.129 0.099 0 .113 0 .052 0 .093 0.064
0.131 0.0B9 0 .114 0 .050 0 .090 0.061
0 .i2 5 0 .095 0 .110 0.051 0.057^
0 .270 0.214 0.171 ' 0 .062
0 .274 0 .218 0 .250 0.171 0 .273 0.061
1:25 0 .267 0 .212 0 .2 4 0 0 .166 0 .257 0 .056 67 54 62 42 66 15
0.271 0.219 0.249 0 .170 0 .265 0.059
0.261 0 .218 0 .1 6 8 0 .055
0.261 0.212 0.165 0.057
0.431 0.428 0 .552 0.487 0 .083
0 .436 0 .463 0 .562 0 .473 0 .563 0 .089
1:10 0 .435 0 .451 0 .563 0 .483 0 .566 0 .087 44 44 55 49 57 9
0,434 0.420 0.526 0.481 0.577 0.097
0 .445 0 .466 0 .5 6 0 0 .496 0 .090
0.442 0.429 0.525 0 .510 0.092
1.009 0.921 0.404 0 .437 0 .453
1.077 0 .882 0 .405 0 .457 0 .447
1:5 1.031 0 .923 0 .413 0 .428 0 .439 - 52 45 21 22 22 .
0 .988 0.969 0.434 0.431 0 .424 4
1.050 0 .780 0 .4 1 3 0 .423 0 .401
1.027 0.402 0.421 0.413
2.169 1.967 1.286 1.093 0.529
1:2 2 .154 2.039 1.233 1.036 0 .4 7 6 . 44 40 25 21 10 •
2.304 2.067 1.293 0.983 0.489
3.296 2.501 2.362 2 .610 1.604
1:1 2.984 2 .728 2 .445 2 .737 1.731 - 30 26 24 27 17 -
2.862 2.661 2.338 2.764 1.796
♦Outlying value not Included 1n the  averaged numbers
♦♦Weight r a t i o  pBP/cement and water/cement ■ 0.4 voO
TABLE 10.4
p-Chlorophenol Extrac tion  with Water
Amount o f pCP Recovered in  Grams pCP P e rcen t Recovery
R atio** 12 Hours 24 Hours
1:50
1:25
1 :1 0
7 Days 28 Days 90 Days 12 Hours 24 Hours 7 Days 2B Days 90 Days
0.154 0 .122 0 .095 0.093 0.071
0.152 0.126 0.097 0.096 0.076
0.156 0 .126 0 .099 0.094 0 .072
0.149 0.124 0 .100 0.007 0.075
0 .150 0 .126 0.091 0.090 0 .070
0.151 0.126 0.097 0.087 0.074
0.318 0.313 0 .278 0.225 0.2230.312 0 .316 0 .276 0 .225 0.209
0.327 0.309 0.273 0.228
0.322 0.314 0.269 0 .223 0 .202
0.332 0.306 0.273 0.213 0.219
0.319 0.317 0 .270 0 .216
0.943 0.810 0.632 0.610 0.615
0.939 0.821 0 .645 0 .605 0 .612
0.944 0.800 0.645 0.616 0.601
0.906 0.832 0 .654 0 .6 3 3 0.601
0.936 0.828 0.631 0 .608 0.572
0.917 0.816 0.631 0 .6 3 0 0.533*
76 63 48 46 36
80 78 68 55 53
93 82 64 6 ? 60
1.928 
1.939 
1:5 1.934 
1.915 
1.935 
1.942
1.894
1.924
1.896
1.896 
1.862 
1.876
0 .922
0.915
0 .875
0.936
0.856
n.062
0 .876
0 .842
0 .874
0 .870
0 .873
0 .883
0.897
0 .928
0.902
0.939
0 .866
97
3.378 3.331 2.713
3.409 
1:2 3.216
3.345 2.883 2.542 2 .406
3.285 2.877 2.427 2.378 673.438
3.410
3.449
3.299
2.571*
2.794
2.397 2 .475
4.008 3.685 3.578 3.857 4.091
1:1 3 .588 3.772 3.535 3.757 3 .910 373.457 3.502 4.062 3.652 3.681
95 45 43 45
67 56 49 48
36 37 38 39
*0utlying value not included in the averaged number.
**Weight r a t i o  pCP/cement and water/cement * 0.4.
v©
Table 10.6
EXTRACTION OF ft-(aminomethyl)phenol WITH WATER
RATIO AMOUNT RECOVERED 
(gms)
PERCENT RECOVERED 
(Averages)
12 hours 24 hours 7 days 28 days 12 hours 24 hours 7 days 28 days
1 :5 0
0 .1 8 8
0 .1 8 7
0 .1 9 0
0 .1 6 6
0 .1 6 7
0 .1 6 7
0 .1 0 3
0.101
0 .1 0 2
0 .0 9 4
0 .0 9 5
0 .1 0 2
9 4 8 3 51 49
0 .4 0 6 0 .4 0 3 0 .2 5 6 0.225
1 :2 5 0 .4 0 1 0 .3 8 9 0 .2 4 9 0.238 1 0 1 9 8 63 57
0 .4 0 1 0 .3 8 9 0 .2 5 1 0.222
0 .9 9 1 0 .9 3 8 0 .8 0 8 0.747
1 :1 0 1 .0 2 0 .9 3 8 0 .8 5 6 0.778 1 0 2 9 4 85 76
1 .0 5 0 .9 3 8 0 .8 8 3 0.762
2 .0 0 1 .8 9 1.75 1.49*
1:5 2 .0 0 1 .8 7 1.72 1.76 101 9 4 87 8 9
2 .0 4 1 .8 6 1.72 1.78
Weigh! ratio pAM P/Cement & W ater/Cem ent 
Outlier not included in averaged  num bers
0.4
Table 10.7
EXTRACTION OF c-(aminomethyl)phenol WITH DMSO
RATIO* AMOUNT RECOVERED PERCENT RECOVERED
(gms) (Averages)
12 hours 24 hours 7 days 28 days 12 hours 24 hours 7 days 28 days
0 .0 3 2 0 .0 1 6 0 .0 0 7 0 .0 0 3
1 :5 0 0 .0 3 2 0 .0 1 6 0.003 0 .0 0 3 1 6 8 .1 2.6 1.8
0 .0 3 3 0 .0 1 6 0 .0 0 6 0 .0 0 4
0 .0 7 3 0 .0 9 4 0.010 0.006
1 :2 5 0 .0 5 9 0 .0 9 1 0.009 0.009 17 22 2.4 2.6
0 .0 6 6 0 .0 7 9 0.011 0.006
0 .2 5 8 0 .6 5 0 0.240 0.105
1 :1 0 0 .2 2 4 0 .6 7 6 0.238 0.104 25 65 25 10
0 .2 6 4 0 .6 2 3 0.25 0 .0 9 5
0 .7 4 4 1 .7 4 1.06 0.545
1:5 0 .7 1 8 1 .8 4 1.08 0.526 37 91 53 27
0 .7 5 9 1 .8 4 1.02 0.534
Weight ratio pAM P/Cement & W ater/C em ent = 0.4
VOu>
APPENDIX B
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Toble 11.1
Al-27 NMR DATA
CEMENT CUNKER ATOM PERCENT 
Al[4] / Al[6]
CHEMICAL SHIFTS 
(PPM)
Al[4] / Al[6]
LINE WIDTHS 
(Hz)
AI[4] / Al[6]
TYPE 1
PORTLAND CEMENT 
[RTVER CEMENT COMPANY]
33.9 / 66.1 70.2 /  7.5 1184 /  1410
TYPE 1
PORTLAND CEMENT 
[IDEAL CEMENT COMPANY]
47.4 / 52.6 795  / 6.7 1405 / 1818
WHITE CEMENT 
[LEHIGH CEMENT COMPANY]
33.3 /  66.7 64.2 /  7.2 1182 /  1053
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Table 11.2
Si-29 NMR DATA
WATER/CEMENT = 0.5
CURVE FITTING
HME ATOM PERCENT AVERAGES
0(0) 0(1) 0(2) 0(0) 0(1) 0(2)
4 HOURS 1) 80.4 15.5 4.1 81.2 12.7 6.1
2) 82.0 9.8 8.1
8 HOURS 1) 75.2 20.3 4.5 73.7 18.4 8.0
2) 71.3 18.9 9.7
3) 74.4 15.9 9.7
16 HOURS 1) 61.1 28.0 10.9 60.9 27.0 12.2
2) 60.7 25.9 13.5
24 HOURS 48.3 29.9 21.8 48.3 29.9 21.8
3 DAYS 1) 43.7 31.3 25.0 44.7 32.2 23.1
2) 45.6 33.1 21.2
7 DAYS 1) 37.6 49.3 13.1 37.8 49.1 13.3
2) 37.9 48.8 13.4
28 DAYS 30.7 50.4 18.9 30.7 50.4 18.9
WINDOW INTEGRATION
h m e ATOM PERCENT AVERAGES
0(0) Q(l) 0(2) Q(0) 0(1) 0(2)
4 HOURS 1) 82.1 14.8 3.2 81.1 13.6 5.4
2) 80.1 12.3 7.6
8 HOURS 1) 75.7 20.8 3.5 71.5 21.7 6.8
2) 72.5 21.2 6.3
3) 66.4 23.1 10.6
16 HOURS 1) 60.7 30.9 8.5 61.6 28.4 10.1
2) 62.4 25.9 11.7
24 HOURS 52.1 33.9 14.0 52.1 33.9 14.0
3 DAYS 1) 40.6 34.4 25.0 43.2 33.0 23.9
2) 45.7 31.5 22.8
7 DAYS 1) 37.1 50.5 12.5 37.8 48.0 14.3
2) 38.5 45.4 16.1
2SDAYS 32.0 34.4 13.3 32.0 34.4 13.3
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Table 11.3
Al-27 NMR DATA 
W ATER/CEM ENT = 0.5
TIME ATOM PERCENT 
Al[4] / Al[6]
CHEMICAL SHIFTS 
(PPM)
Al[4] / Ai[6]
LINE WIDTHS 
(Hz)
Al[4] / Al[6]
ATOM PERCENT 
AVERAGES 
Al[4] / AI[6]
4 HOURS 1) 25.8 /  74.2 68 .2 / 4.7 1269 / 1528 26.2 / 73.8
2) 26.6 / 73.4 64.8 / 3.8 1259 / 1304
8 HOURS 1) 26.3 / 73.7 69.3 / 7.5 1217 / 1407 25.3 / 74.7
2) 24.3 / 75.7 69.4/ 8.1 1302 /  1442
16 HOURS 1) 10.9 / 89.1 69 .0 / 6.1 1068 / 1338 11.0 / 89.0
2) 11.0 / 89.0 66 .2 / 5.9 1080 /  1311
24 HOURS 1) 5.1 / 94.9 64.3 / 2.8 980 / 1243 6.4 /  93.6
2) 7.7 /  92.3 64.1 /  8.6 1057 /  1183
3 DAYS 1) 0 / 1 0 0 - / 10.7 - /  1251 0 /1 0 0
2) 0 / 1 0 0 - /  7.6 - /  1316
7 DAYS 1) 0 / 1 0 0 - /  5.2 - /  1294 0 /1 0 0
2) 0 /100 - /  4.2 - /1187
28 DAYS 0 /  100 - /  8.0 - /  1233 0 /  100
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Table 11.4
Si-29 NMR DATA
WATER/CEMENT = 0.5
CURVE FITTING
WATER/CEMENT =0.5 
(ISOPROPANOL QUENCHING)
TIME ATOM PERCENT ATOM PERCENT
4 HOURS
0(0)
81.2
0(1)
12.7
0(2)
6.1
0(0)
100
0(1) 0(2)
8 HOURS 73.7 18.4 8.0 89.0 11.0 -
16 HOURS 60.9 27.0 12.2 62.4 30.1 7.4
WINDOW INTEGRATION
TIME ATOM PERCENT ATOM PERCENT
0(0) 0(1) 0(2) 0(0) 0(1) 0(2)
4 HOURS 81.1 13.6 5.4 100 - -
8 HOURS 71.5 21.7 6.8 88.8 11.2 -
16 HOURS 61.6 28.4 10.1 62.7 29.3 6.0
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Table 11.5
Al-27 NMR DATA
WATER/CEMENT = 0.5 WATER/CEMENT = 0.5
(ISOPROPANOL QUENCHING)
TIME ATOM PERCENT CHEMICAL SHUTS LINE WIDTHS CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) (PPM) (Hz) AVERAGES
A![4) / Al[6) Al[4] / Al((] A)[4] / Al[6] Al[4) / Al(6) Al(4] / Al[6] Al(4] / Al[6]
4 HOURS 18.7 / 81.3 67.4 /  6.4 1122 / 1343 68.2 /  4.7 1269 / 1528 26.2 /  73.8
8 HOURS 26.5 / 73.5 67.2 / 7.1 1260 / 1268 69.3 /  7.5 1217 /  1407 25.3 /  74.7
16 HOURS 12.3 / 87.7 64.0 / 9.0 1248 / 1057 6 9 .0 / 6.1 1068 /  1338 11.0 /  89.0
2 0 0
Table 12.1
Si-29 NMR DATA 
W/C/SODIUM SILICATE = 0.5/1.0/0.05
CURVE FITTING
TIME ATOM PERCENT AVERAGES
0(0) QO) 0(2) 0(3) 0(4) 0(0) 0(1) 0(2) Q(3) 0(4)
4 HOURS 1) 37.0 37.3 3.7 - • 57.0 37.3 3.7 - -
8 HOURS 1) 54.7 28.4 16.9 - . 527 31.2 16.1 . .
2) 50.7 34.0 153 - -
16 HOURS 1) 50.4 38.1 113 • - 50.4 38.1 11.5 - •
24 HOURS 1) 32.4 22.1 20.6 5.0 . 51.2 22.8 22.0 4.1 .
2) 49.9 23.5 23.4 3.2 •
3 DAYS 44.5 38.3 14.9 23 - 44.5 38.3 14.9 2.3 -
7 DAYS 30.0 38.4 21.5 10.1 - 30.0 38.4 21.5 10.1 -
28 DAYS 26.9 31.2 34.3 1.4 6.2 26 9 31.2 34.3 1.4 6.2
WINDOW INTEGRATION
TIME ATOM PERCENT 
Q(0) Q(l) 0(2) 0(3) 0(4)
AVERAGES
Q(0) Q(l) Q(2) Q(3) Q(4)
4 HOURS 1) 38.2 30.3 11.S
2) 74.3 17.4 3.3
66.3 23.9 9.9
8 HOURS 1) 36.3 29.7 14.0
2) 34.8 34.1 11.1
33.6 31.9 12.6
16 HOURS 1) 30.9 33.3 13.8
2) 32.2 39.1 8.7
31.6 36.2 12.3
24 HOURS 1) 34.2 31.1
2) 52.5 30.9
3 DAYS
7 DAYS
4.7 34.6
36.9 39.4
12.9
12.4
18.3
17.7
1.9
4.1
2.4
6.1
53.4 31.0 12.7 3.0
1.7 34.6 18.3 2.4
36.9 39.4 17.7 6.1
28 DAYS 24.4 36.4 20.4 8.8 10.0 24.4 36.4 20.4 8.8 10.0
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Table 12.2
Al-27 NMR DATA 
W /C/SODIUM  SILICA TE = 0.5/1.0/0.05
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
A![4] /  Al[6] A1 [4] / Al[6] AI[4] / Al[6] Al[4] / A![6]
4 HOURS 1) 13.0 / 87.0 64.9/  2.7 1356 / 1369 15.5 /  84.6
2) 17.9 / 82.1 62.4/  5.1 1553 / 1067
8 HOURS 1) 12.9 / 87.1 60.6 / 4.2 1243 / 1239 13.8 /  86.3
2) 14.6 / 85.4 59.4/  9.3 1371 / 1081
16 HOURS 8.2 / 91.8 66.1 / 11.8 960 / 1007 8.2 /  91.8
24 HOURS 9.2 /  90.8 69.2 /  13.5 1092 /  1046 9.2 /  90.8
3 DAYS 0 /100 - /  7.2 - / 1056 0 / 1 0 0
7 DAYS 0 /  100 - /  8.0 - /  1549 0 / 1 0 0
28 DAYS 0 /  100 - /  6.7 - / 1220 0 /  100
202
Table 13.1
Si-29 NMR DATA 
W/C/ETHYLENE GLYCOL = 0.5/1.0/0.1
CURVE FITTING
TIME ATOM PERCENT AVERAGES
Q(0) Q d) Q<2) 0(0) 0(1) 0(2)
4 HOURS 72.0 14.3 13.7 72.0 14.3 13.7
8 HOURS 1) 68.2 26.7 5.0 70.0 23.0 7.1
2) 71.7 19.2 9.1
16 HOURS 1) 73.2 13.3 13.5 70.1 16.9 13.0
2) 67.0 20.3 12.5
24 HOURS 39.3 30.1 10.4 59.3 30.1 10.4
3 DAYS 38.7 28.0 13.3 58.7 28.0 13.3
7 DAYS 46.1 33.3 20.6 46.1 33.3 20.6
28 DAYS 19.7 24.0 56.4 19.7 24.0 56.4
WINDOW INTEGRATION
TIME ATOM PERCENT AVERAGES
0(0) 0(1) 0(2) Q(0) 0(1) 0(2)
4 HOURS 1) 73.7 16.3 10.0 71.0 17.8 11.2
2) 68.3 19.3 12.4
8 HOURS 1) 74.4 16.7 8.9 73.2 18.4 8.3
2) 72.0 20.0 8.0
16 HOURS 1) 73.3 15.2 11.3 72.0 13.8 12.3
2) 70.7 16.3 13.0
24 HOURS 1) 60.5 28.0 11.3 62.4 27.8 9.9
2) 64.2 27.6 8.2
3 DAYS 60.4 25.6 14.0 60.4 23.6 14.0
7 DAYS 49.7 27.3 23.0 49.7 27.3 23.0
28 DAYS 21.9 26.1 32.0 21.9 26.1 32.0
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Table 13.2
Al-27 NMR DATA
W/C/ETHYLENE GLYCOL =  0.5/1.0/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] / Al[6] Al[4] / Al[6] Al[4] /  AI[6] Al[4] / Al[6]
4 HOURS 1) 24.1 / 75.9 60.6 / 7.6 1560 / 1145 23.1 / 76.9
2) 22.1 / 77.9 60.2 /  12.1 1604 / 995
8 HOURS 1) 17.6 / 82.4 64.3 / 9.6 1370 / 1134 18.7 /  81.4
2) 19.7 /  80.3 66.8 /  12.8 1298 /  1140
16 HOURS 19.8 / 80.2 66.9 /  13.0 1381 /  1097 19.8 / 80.2
24 HOURS 1) 10.7 / 89.3 67.0 / 9.6 912 / 1071 12.1 / 88.0
2) 13.4 / 86.6 60.3 /  11.3 1329 /  1063
3 DAYS 0 / 100 - /11.4 - / 1527 0 /  100
7 DAYS 0 /100 - / 10.2 - / 1623 0 /1 0 0
28 DAYS 0 /100  - / -0.49 - / 1709 0 /  100
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Table 14.1
Si-29 NMR DATA
W/C/PARA BROMOPHENOL = 0.5/1.0/0.1
CURVE FITTING
TIME ATOM PERCENT AVERAGES
0(0) Q (l) 0(2) 0(3) 0(0) QU) 0(2) 0(3)
4 HOURS 1) 72.5 16.3 11.2 . 7Z7 14.6 12.7 .
2) 72.9 12.9 14.2 -
8 HOURS 1) 66.6 19.1 7.7 6.6 65.4 17.2 13.1 4.4
2) 64 .2 15.2 18.5 2.1
16 HOURS 1) 62.8 20.4 16.9 . 67.1 17.8 14.0 2.3
2) 71.4 15.2 11.1 2.3
24 HOURS 55.1 25.9 19.1 - 55.1 25.9 19.1 -
3 DAYS 61.0 21.4 17.6 - 61.0 21.4 17.6 -
7 DAYS 56.9 29.1 13.9 - 56.9 29.1 13.1 -
28 DAYS 40.9 35.9 23.2 - 40.9 35.9 23.2 -
WINDOW INTEGRATION
TIME
4  HOURS
Q(0)
1) 68.7
2) 74 .0
ATOM PERCENT 
Q(D 0(2) Q(3)
17.4 
IS .8
13.9
10.2
0 (0)
71.4
AVERAGES 
Q(l) 0(2) Q(3)
16.6 12.1
28 DAYS 44.5 44 .4 11.1
8 HOURS 1) 63.9 19.1 11.9 5.1 61.7 19.6 12.7 6.1
2) 59.4 20.0 13.5 7.1
16 HOURS 1) 65 .0 19.8 15.2 67.3 19.2 13.6 -
2) 69.6 18.5 11.9
24 HOURS 1) 57.2 27.7 15.1 58.2 25.3 16.6 -
2) 59.2 22.8 18.0
3 DAYS 62.9 24.2 12.9 62.9 24 .2 12.9 •
7  DAYS 60.5 30.9 8.6 60.5 30.9 8.6 -
44.5 44 .4  11.1
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Table 14.2
Al-27 NMR DATA 
W/C/PARA BROMOPHENOL = 0.5/1.0/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] /  A l[6) Al[4] /  AI[6] Al[4] I Al[6] Al[4] / Al[6]
4 HOURS 1) 24.5 /  75.5 66.0 / 8.3 1442 / 1539 23.5 / 76.5
2) 22.5 / 77.5 64.0 / 10.1 1438 / 1194
8 HOURS 20.9 / 79.1 63.3 /  10.6 1511 / 1074 20.9 / 79.1
16 HOURS 1) 16.7 / 83.3 66.4 / 10.6 1321 / 1240 17.0 / 83.0
2) 17.2 / 82.8 61.9 /  10.8 1484 / 1059
24 HOURS 1) 10.8 / 89.2 67.7 /  12.6 1039 / 1022 13.3 / 86.7
2) 15.7 / 84.3 69.9 / 11.4 1263 / 1325
3 DAYS 6.5 /  93.5 65.1 /  11.1 955 /  1041 6.5 /  93.5
7 DAYS 0 / 100 - / 10.2 - / 1051 0 /1 0 0
28 DAYS 0 /  100 - /  13.0 - /  1208 0 /  100
Table 15.1
Si-29 NMR DATA
W/C/PARA CHLOROPHENOL = 0.5/1.0/0.1
206
CURVE FITTING
HME ATOM PERCENT AVERAGES
Q(0) Q(l> Q(2) Q(3) Q(0) Q d) Q(2) QP)
4 HOURS 1) 62.9 17.0 12.6 7.5 65.2 18.9 12.2 7.5
2) 67.5 20.7 11.8 -
8 HOURS 1) 63.6 22.3 14.1 - 64.1 24.2 12.0 -
2) 64.3 26.0 9.8 -
16 HOURS 1) 65.2 13.4 21.4 . 6X2 17.0 20.8 .
2) 59.2 20.6 20.2 -
24 HOURS 1) 63.4 19.4 13.3 3.9 61.3 20.1 14.8 3.9
2) 59.2 20.7 16.2 3.9
3 DAYS 60.1 24.8 15.1 - 60.1 24.8 15.1 -
7 DAYS 50.3 32.7 17.0 - 50.3 3X7 17.0 -
28 DAYS 40.6 33.8 25.6 40.6 33.8 25.6
WINDOW INTEGRATION
HME ATOM PERCENT AVERAGES
Q(0) Q d) QC) Q<3) Q(0) Q d) Q(2) Q(3)
4 HOURS 1) 60.1 19.1 15.0 5.8 63.3 19.5 14.3 5.8
2) 66.5 19.9 13.6 -
8 HOURS 1) 58.5 23.1 18.4 - 6X2 21.4 16.5 -
2) 65.8 19.6 14.6 -
16 HOURS 1) 65.2 19.8 15.0 - 63.6 19.0 17.4 -
2) 62.0 18.2 19.8 -
24 HOURS 1) 62.8 18.7 13.2 5.3 60.6 19.9 14.5 5.2
2) 58.3 21.0 15.7 5.0
3 DAYS 60.0 22.0 18.0 * 60.0 22.0 18.0 -
7 DAYS 51.2 33.1 15.7 - 51.2 33.1 15.7 -
28 DAYS 40.4 31 .0  28.6 - 40.4 3 1 .0  28.6
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Table 15.2
Al-27 NMR DATA 
W/C/PARA CHLOROPHENOL = 0.5/1.0/0.1
TIME ATOM PERCENT 
Al[4] / Al[6]
CHEMICAL SHIFTS 
(PPM)
AI[4] / Al[6]
LINE WIDTHS 
(Hz)
AI[4] / AI[6]
ATOM PERCENT 
AVERAGES 
Al[4] / AI[6]
4 HOURS 1) 21.0 /  79.0
2) 18.2 / 81.8
64.1 / 7.6
63.1 /  8.4
1347 /  1406 
1303 /  1160
19.6 /  80.4
8 HOURS 1) 18.2 /  81.8 
2) 20.1 / 79.9
64.6 / 7.6 
60.2 /  4.6
1362 /  1432 
1319 /  1261
19.2 / 80.8
16 HOURS 1) 18.1 / 81.9
2) 11.7 / 88.3
65.4 /  11.1 
63.7 /  6.0
1351 /  1210 
1115 /  1330
14.9 / 85.1
24 HOURS 1) 9.2 /  90.8
2) 11.2 /  88.8
63.1 /  5.3 
69.4 / 11.4
1118 /  1274 
1041 /  1153
10.2 /  89.8
3 DAYS 0 /100 - /  8.6 - /  1117 0 /1 0 0
7 DAYS 0 /  100 -163 - /  1294 0 /1 0 0
28 DAYS 0 / 1 0 0  - /  9.8 - /1121 0 /1 0 0
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Table 16.1
Si-29 NMR DATA 
W/C/pCP/SODIUM SILICATE = 0.5/1.0/0.1/0.05
CURVE FITTING
TIME
Q(0)
ATOM PERCENT 
Q (l) QG) Q(3) Q(0)
AVERAGES 
Q d ) QG) Q(3)
4 HOURS 72.1 21.5 6.4 721 21.5 6.4 -
8 HOURS 78.0 14.5 7.5 78.0 14.5 7.5 -
16 HOURS 68.2 23.7 8.1 68.2 23.7 8.1 -
24 HOURS 1) 62.5
2) 62.9
25.1
29.4
12.3
7.7
6 2 7 27.3 10.0 -
3 DAYS 49.7 30.3 15.8 4.3 49.7 30.3 15.8 A3
7 DAYS 53.2 13.7 33.1 53.2 13.7 33.1 -
28 DAYS 34.2 37.7 28.1 34.2 37.7 28.1 ■
WINDOW INTEGRATION
TIME
Q(0)
ATOM PERCENT 
Q d ) Q G ) Q(3) Q(0)
AVERAGES 
Q d ) QG) Q P )
4  HOURS 77.8 12.8 9.4 77.8 12.8 9.4 -
8 HOURS 1) 78.0
2) 75.8
17.3
17.2
4.9
7.0
76.9 17.3 6.0 -
16 HOURS 66.7 2 7 .0 6.4 66.7 27 .0 6.4 -
24 HOURS 1) 66.7
2) 68.7
25.1
20.7
8.3
10.9
67.7 22.6 9.6 -
3 DAYS 55.0 28.3 15.0 1.7 55.0 28.3 15.0 1.7
7 DAYS 523 23.2 24.5 52 3 23.2 24.5 -
28 DAYS 33.9 4 1 .0  25.1 - 33.9 4 1 .0  25.1
209
Table 16.2
Al-27 NMR DATA 
W /C/pCP/SO D IU M  SILIC A TE = 0.5/1.0/0.1/0.05
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
Al[4] / AI [6]
(PPM)
AI[4] / Al[6]
(Hz)
Al[4] / Al[6]
AVERAGES 
Al[4] / Al[6]
4 HOURS 29.9 / 70.1 61.2 / 7.4 1697 / 1139 29.9 / 70.1
8 HOURS 1) 24.3 / 75.7 69.9 / 8.0 1479 / 1497 25.6 / 74.4
2) 26.8 / 73.2 65.2 /  10.2 1624 /  1185
16 HOURS 20.4 / 79.6 64.0 /  10.2 1522 / 1199 20.4 / 79.6
24 HOURS 1) 18.0 / 82.0 69.9 / 8.7 1672 /  1282 16.8 / 83.2
2) 15.5 / 84.5 65.7 / 7.4 1409 / 1347
3 DAYS 0 / 100 - /  7.5 - /  1076 0 /1 0 0
7 DAYS 0 /100 - /10.2 - /  1581 0 /1 0 0
28 DAYS 0 /  100 - /  9.3 - /  1347 0 /  100
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Table 17.1
Si-29 NMR DATA
W/C/CADMIUM HYDROXIDE = 0.5/1.0/0.1
C U R V E  F I T T I N G
TIME ATOM PERCENT AVERAGES
Q(0) 0(1) Q(2) Q(0) Q(l) Q(2)
4 HOURS 1) 68.0 25.9 6.1 67.9 28.0 4.2
2) 67.8 30.0 2.3
8 HOURS 1) 86.1 13.9 . 83.4 16.7 .
2) 80.6 19.4 -
16 HOURS 1) 51.7 33.1 15.2 53.3 26.9 19.9
2) 54.8 20.7 24.5
24 HOURS 1) 45.6 43.1 11.3 48.5 40.2 11.4
2) 51.4 37.2 11.4
3 DAYS 49.1 34.9 15.9 49.1 34.9 15.9
7 DAYS 49.0 37.5 13.4 49.0 37.5 13.4
28 DAYS 1) 30.3 41.9 27.7 32.1 43.7 24.2
2) 33.8 45.5 20.7
WINDOW INTEGRATION
HME ATOM PERCENT AVERAGES
0(0) 0(1) 0(2) 0(0) 0(1) 0(2)
4 HOURS 1) 71.7 18.3 10.0 74.5 18.7 6.9
2) 77.2 19.1 3.7
8 HOURS 1) 84.0 16.1 . 83.5 16.6 ■
2) 82.9 17.1 -
16 HOURS 1) 54.7 28.6 16.8 55.8 29.4 14.8
2) 56.9 30.2 12.8
24 HOURS 1) 44.6 38.6 16.9 49.0 37.1 14.2
2) 53.3 35.5 11.5
3 DAYS 48.7 36.4 14.9 48.7 36.4 14.9
7 DAYS 50.4 40.4 9.2 50.4 40.4 9.2
28 DAYS 1) 34.3 47.2 18.4 33.7 44.5 21.9
2) 33.0 41.8 25.3
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Table 17.2
Al-27 NMR DATA 
W /C/CADM IUM  HYDROXIDE = 0.S/1.0/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
Al[4] / Al[6]
(PPM)
AI[4] / Al[6]
(Hz)
AI[4] / Al[6]
AVERAGES 
Al[4] / Al[6]
4 HOURS 25.3 /  74.7 60.2 / 11.4 1724 / 972 25.3 /  74.7
8 HOURS 1) 23.9 /  76.1 67.7 /  4.6 1190 / 1386 25.7 /  74.3
2) 27.4 / 72.6 70 .2 / 9.2 1247 / 1242
16 HOURS 1) 8.9 /  91.1 60 .7 / 7.1 1040 /  1083 10.5 / 89.5
2) 12.0 /  88.0 65.8 /  5.8 1146 / 1237
24 HOURS 10.7 /  89.3 59.8 / 9.0 1139 / 1037 10.7 /  89.3
3 DAYS 0 /100 - /  11.0 - / 1070 0 /1 0 0
7 DAYS 0 /100 - / 12.3 - /  1235 0 /1 0 0
28 DAYS 0 /  100 - /  6.0 - /  1113 0 /1 0 0
2 1 2
Table 18.1
Si-29 NMR DATA
W/C/CADMIUM NITRATE = 0.6/1.0/0.2
CURVE FITTING
TIME
Q(0)
ATOM PERCENT 
Q (l) Q(2) Q(3) Q(0)
AVERAGES 
Qd) Q(2) Q(3)
4 HOURS 1) 77.0
2) 77.6
14.4
4.2
8.6
18.2
77.3 9.3 13.4 -
8 HOURS 1) 93.6
2) 86.4
3.3
8.3
3.1
5.3
90.0 5.8 4.2 -
16 HOURS 72.3 14.1 13.6 72.3 14.1 13.6 -
24 HOURS 1) 65 .0
2) 58.3
17.4
34.6
17.6
7.2
61.7 26.0 12.4 -
3 DAYS 38.0 48.9 13.1 38.0 48.9 13.1 -
7 DAYS 33.6 29.9 36.5 33.6 29.9 36.5 -
28 DAYS 19.4 42.5 34.2 3.9 19.4 42.5 34.2 3.9
WINDOW INTEGRATION
ttme
Q(0)
ATOM
Qd)
PERCENT
Q(2) Q(3) Q(0)
AVERAGES 
Qd) Q(2) Q(3)
4 HOURS 1) 76.7
2) 77.5
14.4
17.0
8.9
5.5
77.1 15.7 7.2 -
8 HOURS 1) 92.5
2) 86.9
4.8
8.5
2.7
4.6
89.7 6.7 3.7 -
16 HOURS 1) 71.3
2) 75.6
17.2
16.8
11.5
7.6
73.5 17.0 9.6 -
24 HOURS 58.3 28.0 13.7 58.3 28.0 13.7 -
3 DAYS 40.5 38.6 20.9 40.5 38.6 20.9 -
7 DAYS 35.3 36.8 27.9 35.3 36.8 27.9 -
28 DAYS 19.5 40 .9  33.7 5.9 19.5 40 .9  33.7 5.9
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Table 18.2
Al-27 NMR DATA 
W /C/CADM IUM  N ITRA TE = 0.6/1.0/0.2
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] / Al[6] Al[4] / Al[6] Al[4] / Al[6] Al[4] / Al[6]
4 HOURS 1) 14.0 / 86.0 58.1 / 6.5 1449 / 989 13.8 / 86.2
2) 13.5 / 86.5 61.4 /  7.9 1163 / 916
8 HOURS 1) 15.4 / 84.6 71.5 /  13.6 1014 /  995 14.2 /  85.8
2) 12.9 /  87.1 71.2 /  13.8 901 /  974
16 HOURS 1) 9.0 / 91.0 64 .0 / 8.0 986 / 914 10.2 / 89.8
2) 11.4 / 88.6 67.2 / 11.2 1046 / 986
24 HOURS 1) 6.1 / 93.9 69.4 /  10.4 753 /  1060 6.3 / 89.8
2) 6.4 /  93.6 71.9 / 10.6 888 /  1024
3 DAYS 0 /100 - /  4.6 - /  1322 0 /1 0 0
7 DAYS 0 / 100 - /  4.8 - /  1258 0 /1 0 0
28 DAYS 0 / 100 - /  2.5 - / 1236 0 / 100
214
Table 19.1
Si-29 NMR DATA 
W/C/Cd(0H)2 /SODIUM SILICATE = 0.5/1.0/0.1/0.05
CURVE FITTING
HME ATOM PERCENT AVERAGESsa
Qd) Q(2) Q(0) 0 0 ) 0(2)
4 HOURS 1) 100 . 100 . .
2) 100 - -
1 HOURS 1) 83.3 16.7 . 84.3 15.7 .
2) 83.3 14.7 -
16 HOURS 1) 37.0 26.9 16.2 60.5 24.4 15.2
2) 63.9 21.9 14.2
24 HOURS 1) 31.9 31.5 16.6 54.7 28.9 16.5
2) 37.5 26.2 16.4
3 DAYS 42.2 39.7 18.1 42.2 39.7 18.1
7 DAYS 31.6 48.2 20.3 31.6 48.2 20.3
28 DAYS 29.1 49.2 21.7 29.1 49.2 21.7
WINDOW INTEGRATION
HME ATOM PERCENT AVERAGES
0(0) 0(1) 0(2) 0(0) 0(1) 0(2)
4 HOURS 1) 100 . . 100 . .
2) 100 - -
1 HOURS 1) 15.0 15.0 . 13.8 16.3 ■
2) 12.5 17.5 -
16 HOURS 1) 57.7 23.0 17.3 59.1 25.8 15.0
2) 60.4 26.5 12.6
OA HOURS 1) 56.2 21.6 15.2 37.3 29.1 13.7
2) 38.4 29.5 12.1
3 DAYS 42.2 39.1 18.8 42.2 39.1 18.8
7 DAYS 32.1 30.0 17.9 32.1 50.0 17.9
21 DAYS 29.8 49.9 20.3 29.1 49.9 20.3
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Table 19.2
AI-27 NMR DATA 
W /C /C d (O H )2/SODIUM  SILICA TE = 0.5/1.0/0.1/0.05
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
AI[4] / Al[6]
(PPM)
Al[4] / Al[6]
(Hz)
Al[4] / Al[6]
AVERAGES 
Al[4] / Al[6]
4 HOURS 31.9 /  68.1 67.5 / 2.6 1183 /  1484 31.9 / 68.1
8 HOURS 1) 29.9 /  70.1 68.5 /  13.5 1571 /  1119 31.5 /  68.5
2) 33.0 / 67.0 66.8 /  14.6 1807 /  1050
16 HOURS 18.7 /  81.3 69.8 /  15.9 1483 / 1157 18.7 /  81.3
24 HOURS 1) 11.0 / 89.0 61.1 /  9.1 1216 /  1086 11.2 / 88.8
2) 11.4 / 88.6 68.8 / 13.6 1108 /  1094
3 DAYS 0 /  100 - /  8.2 - /1142 0 /  100
7 DAYS 0 /  100 - /  3.9 - / 1376 0 /1 0 0
28 DAYS 0 /  100 - /  2.7 - /  975 0 /  100
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Table 20.1
Si-29 NMR DATA
W/C/Cd(OH)2/pCP = 0.5/1.0/0.1/0.I
CURVE FITTING
TIME ATOM PERCENT AVERAGES
Q(0) Q d) 0(2) Q(0) Q d) 0(2)
4 HOURS 1) 77.4 21.3 1.3 80.5 17.6 2.0
2) 83.6 13.9 2.6
8 HOURS 1) 76.8 12.0 11.2 84.2 93 6.5
2) 91.6 6.6 1.8
16 HOURS 1) 82.7 17.3 . 82.9 15.2 4.0
2) 83.0 13.0 4.0
24 HOURS 1) 39.6 36.6 3.8 64.2 27.8 8.1
2) 68.7 19.0 12.3
3 DAYS 60.3 28.0 11.3 60.5 28.0 11.5
7 DAYS 33.0 33.0 14.0 53.0 33.0 14.0
28 DAYS 31.3 51.2 17.3 31.3 51.2 17.3
WINDOW INTEGRATION
TIME ATOM PERCENT AVERAGES
0(0) 0(1) 0(2) Q(0) 0(1) 0(2)
4 HOURS 1) 79.8 15.8 4.4 80.5 15.3 4.3
2) 81.2 14.7 4.1
8 HOURS 1) 91.2 7.6 1.2 88.9 9.0 21
2) 16.6 10.4 3.0
16 HOURS 1) 83.8 16.2 - 82.8 15.7 3.2
2) 81.7 15.1 3.2
24 HOURS 1) 69.2 21.5 9.3 70.5 19.7 9.8
2) 71.8 17.9 10.3
3 DAYS 58.9 28.5 12.6 58.9 28.5 12.6
7 DAYS 52.2 33.8 14.0 52.2 33.8 14.0
28 DAYS 28.4 SO.S 21.1 21.4 SO.S 21.1
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Table 20.2
Al-27 NMR DATA 
W /C/Cd(O H )2/pCP = 0.5/1.0/0.1/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS UNE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] / Al[6] Al[4] / Al[6] Al[4] / Al[6] AI[4] / Al[6]
4 HOURS 1) 31.0 /  69.0 68.3 /  11.5 1306 /  1008 27.1 /  72.9
2) 23.2 / 76.8 62.3 / 3.6 1232 / 1277 23.2 / 76.8
8 HOURS 28.1 / 71.9 67.3 / 10.6 1389 / 1321 28.1 1  71.9
16 HOURS 1) 24.8 /  75.2 65.6 /  5.6 1374 /  1358 26.1 /  73.9
2) 27.4 /  72.6 71.1 / 12.3 1313 /  1203
24 HOURS 1) 18.4 /  81.6 69 .2 / 9.2 1232 / 1301 20.4 / 79.6
2) 22.4 / 77.6 70.4 / 13.9 1267 / 1264
3 DAYS 14.7 / 85.3 58.3 / 5.0 1354 /  1147 14.7 / 85.3
7 DAYS 15.9 /  84.1 60.9 /  8.6 1303 /  1037 15.9 /  84.1
28 DAYS 0 /100  - /-0 .2  - /1171 0 /1 0 0
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Table 20.3
Si-29 NMR DATA
W /C/C d(O H )2/pBP = 0.5/1.0/0.1/0.1
C U R V E  F I T T I N G
TIME ATOM PERCENT AVERAGES
Q(0) Q d ) Q(2> Q(0) Q (l) QC2)
4 HOURS 1) 76.5 20.7 2.8 77.4 19.9 2.8
2) 78.2 19.1 1 7
8 HOURS 1) 84.5 15.5 . 88.8 15.5 6.9
2) 93.1 - 6.9
16 HOURS 76.8 18.8 4.5 76.8 18.8 4.5
24 HOURS 59.8 24.8 15.4 59.8 24.8 15.4
3 DAYS 48.5 33.2 18.3 48 .5 33.2 18.3
7 DAYS 46.7 36.7 16.5 46 .7 36.7 16.5
28 DAYS 22.0 60.9 17.1 22 .0 60.9 17.1
WINDOW INTEGRATION
TIME ATOM PERCENT AVERAGES
Q(0) Q (l) 0(2) Q(0) Q (l) Q(2)
4 HOURS 1) 79.5 14.7 5.8 78.4 16.4 5 .2
2) 77.3 18.1 4.6
8 HOURS 1) 84.0 9.8 6.2 80.2 14.8 5.1
2) 76.4 19.7 3.9
16 HOURS 1) 70.7 22.1 7.2 73.5 20 .6 6 .0
2) 76.2 19.0 4.8
24 HOURS 1) 67.4 23 .0 9.6 62.9 23.9 13.3
2) 58.3 24.8 16.9
3 DAYS 54.4 28.6 17.0 54.4 28.6 17.0
7 DAYS 47.7 39.8 12.5 47.7 39.8 12.5
28 DAYS 25.5 59 .6  15.0 25.5 59 .6  15.0
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T able  20.4
Al-27 NMR DATA 
W /C /C d(O H )2/pBP = 0.5/1.0/0.1/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] / AI[6] Al[4] / Al[6] Al[4] / Al[6] Al[4] / Al[6]
4 HOURS 1) 21.8 /  78.2 62.3 / 4.8 1285 / 1225 23.9 / 76.1
2) 25.9 /  74.1 67.0 / 10.0 1396 / 1182
8 HOURS 1) 15.6 / 84.6 64.2 / 4.8 1081 / 1346 21.3 / 78.7
2) 26.9 /  73.1 67.6 /  5.6 1291 / 1306
16 HOURS 1) 15.2 /  84.8 62.0 / 8.5 1384 / 1053 15.8 /  84.2
2) 16.5 / 83.5 69.8 / 9.6 1041 / 1115
24 HOURS 1) 10.8 /  89.2 66.4 /  12.3 1101 / 945 12.2 /  87.8
2) 13.5 /  86.5 66.3 /  8.4 1261 / 1116
3 DAYS 11.2 /  88.8 67.6 / 11.9 1150 / 956 11.2 / 88.8
7 DAYS 14.1 /  85.9 62.8 / 5.8 1663 /  1273 14.1 / 85.9
28 DAYS 0 /  100 - /  2.5 - / 1087 0 /  100
Table 21.1
Si-29 NMR DATA 
W/C/LEAD HYDROXIDE = OJ/I.O/O.I
HME 
4 HOURS
0(0)
100
c u
ATOM PERCENT 
Q(l)
RVE FITTING
0(2) 0(0)
100
AVERAGES
0(1) 0(2)
(HOURS 1) 100 . . 100 . ■
2) 100 - -
16 HOURS 1) 83.2 6.8 8.1 88.3 5.7 6.1
2) 91.4 4.6 4.0
24 HOURS 1) 89.7 10.3 90.5 9.6 .
2) 91.2 8.8
36 HOURS 91.9 8.1 91.9 8.1 -
48 HOURS 89.7 10.3 89.7 10.3 -
3 DAYS 93.6 6.4 93.6 6.4 -
7 DAYS 57.0 43.0 57.0 43.0 -
28 DAYS 33.3 40.3 26.4 33.3 40.3 26.4
WINDOW INTEGRATION
HME ATOM PERCENT AVERAGES
0(0) Q(l) 0(2) 0(0) 0(1) 0(2)
4 HOURS 100 - - 100 - -
(HOURS 100 • - 100 - -
16 HOURS 1) 80.9 9.5 9.6 85.0 8.4 6.7
2) 19.1 1 2 3.7
24 HOURS 1) 93.8 6 2 . 91.7 83 -
2) 89.6 10.4 -
36 HOURS 89.8 10.2 - 89.8 10.2 -
48 HOURS 87.6 12.4 • 87.6 12.4 -
3 DAYS 92.7 7 3 - 92.7 7 3 -
7 DAYS 56.5 43.3 - 56.5 43.5 -
28 DAYS 30.1 43.6 26.3 30.1 43.6 26.3
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Table 21.2
Al-27 NMR DATA 
W /C/LEAD HYDROXIDE = 0.5/1.0/0.1
TIME ATOM PERCENT CHEMICAL SHIFTS LINE WIDTHS ATOM PERCENT
(PPM) (Hz) AVERAGES
Al[4] / Al[6] Al[4] / Al[6] Al[4] / Al[6] Al[4] / AI[6]
4 HOURS 36.6 /  63.4 63.0 / 4.2 1418 /  1271 36.6 / 63.4
8 HOURS 1) 36.5 /  63.5 66.8 / 7.3 1458 /  1326 34.9 / 65.1
2) 33.3 / 66.7 67.8 / 2.7 1196 /  1792
16 HOURS 1) 25.2 / 74.8 65.6 / 8.9 1390 /  1208 31.1 /  68.9
2) 37.0 /  63.0 69.8 / 6.4 1215 / 1524
24 HOURS 1) 40.8 / 59.2 70.9 / 10.0 1278 /  1262 41.1 /  58.9
2) 41.4 /  58.6 71.3 /  9.8 1294 /  1314
36 HOURS 35.0 /  65.0 65.2 / 6.0 1318 / 1362 35.0 / 65.0
48 HOURS 35.7 /  64.3 68.1 / 2.5 1254 /  1792 35.7 / 64.3
3 DAYS 36.4 /  63.6 66.3 / 3.5 1234 /  1467 36.4 / 63.6
7 DAYS 18.2 /  81.8 64.2 / 7.9 1245 /  1494 18.2 / 81.8
28 DAYS 0 / 100 - / 7.0 - / 1374 0 / 100
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Table 22
Si-29 NMR DATA 
COMPARISON OF (i) W/C (ii) W/C/EG (iii) W/C/pBP (iv) W/C/pCP
CURVE FITTING WINDOW INTEGRATION
HME ATOM PERCENT ATOM PERCENT
0(0) Q(D 0(2) Q(3) 0(0) 0(1) 0(2) 0(3)
W/C = 0.4 
(1 YEAR) 34.4 30.2 35.4 31.7 40.7 27.5
(2 YEARS) 26.2 43.6 30.1 - 27.5 46.6 26.0 -
W/C/EG = 0.4/1.0/0.1
(1 YEAR) 29.6 18.8 51.6 - 35.0 25.9 39.2 -
(2 YEARS) 25.5 47.7 26.8 - 26.9 40.2 32.9 -
W/C/PBP = 0.4/1.0/0.1
<1 YEAR) 34.6 28.7 36.7 - 33.6 35.3 31.1 -
W/C/PCP = 0.4/1.0/0.1
(1 YEAR) 32.0 27.0 35.1 5.9 29.3 29.6 33.9 7.2
(2 YEARS) 31.8 41.2 27.1 - 32.8 43.0 24.2 -
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